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BRAYTON-CYCU RADIOISOTOPE HEAT-SOURCE DESIGN STUDY 

PHASE I1 (PRELIMINARY DESIGN) mPORT 

R. A. Robinson S. T.  Ewing 
T .  G.  Chapman A. J. Mi l le r  

J. P. Nichols 

Abstract 

A preliminary design was prepared f o r  a 25-kw(th) 238Pu02 
heat source t h a t  can be coupled with a Brayton-cycle power- 
conversion system f o r  use i n  space. Primary containment i s  
provided by multi layered fue l  capsules, with tantalum-based 
a l l o y  T-111 as t h e  pr inc ipa l  s t ress-bear ing l aye r  and platinum 
as t h e  outer  corrosion-resis tant  l aye r .  The multipurpose m i s -  
s ion module spec i f ied  by NASA i s  used as the  vehicle  configu- 
r a t ion  f o r  i n t eg ra t ion  studies.  The assembly of f u e l  capsules 
i s  contained within a s ingle  reent ry  body f o r  pro tec t ion  
aga ins t  reent ry  heating and subsequent impact i n  t h e  event of 
a mission abor t .  The f u e l  capsule complies with t h e  design 
c r i t e r i o n  of no more than 15 creep i n  f i v e  years  of se rv ice .  
The sa fe ty  guidel ine t h a t  the radioisotope f u e l  can be con- 
ta ined  within t h e  f u e l  capsules f o r  a period of t e n  ha l f -  
l i v e s  of 238Pu or longer i s  a goal  toward which t h e  capsule 
design i s  d i rec ted .  The weight of t h e  heat-source system, 
including the  reentry body, f u e l ,  heat  exchanger, shield,  
e t c . ,  i s  2670 lb .  Preliminary designs a r e  described of 
f a c i l i t i e s  f o r  fue l ing  and assembling capsules,  shipment of 
capsules t o  launch s i t e ,  and handling a t  t h e  launch s i t e .  
Since t h e  heat-source design i s  based p a r t l y  on near-future  
materials technology and on ex t rapola t ion  from present aerody- 
namic data, i d e n t i f i c a t i o n  is made of a reas  where f u r t h e r  i n -  
ves t iga t ions  w i l l  have to  be c a r r i e d  out t o  t e s t  t h e  v a l i d i t y  
of the  design. 

1. INTRODUCTION 

I n  Ju ly  1965, t h e  Oak Ridge National Laboratory s t a r t e d  work on de- 

s ign concepts f o r  a 25-kw radioisotope heat source t h a t  could be coupled 

t o  a Brayton-cycle power-generating system t o  provide e l e c t r i c  power f o r  

use i n  space appl ica t ions .  

naut ics  and Space Administration, Lewis Research Center, under Interagency 

The study was done f o r  t h e  National Aero- 
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Agreement C-64217-A, and valuable a s s i s t ance  w a s  provided f o r  t h e  study 

by L. I .  Shure of NASA-Lewis Research Center, who had NASA t echn ica l  

respons ib i l i ty .  

The overal l  object ives  of t h e  study were t o  

1. provide t h e  NASA-Lewis Research Center with one or more preliminary 

designs of t he  radioisotope heat source, and 

2.  ident i fy  research and development problems t h a t  requi re  so lu t ion  

p r i o r  t o  undertaking the  de t a i l ed  design of such a heat source. 

Safe ty  guidelines and t h e  ground r u l e  t h a t  t h e  concepts should be l imi ted  

t o  what could be achieved with cur ren t  o r  near-future  technology were t h e  

most important f ac to r s  influencing t h e  designs.  

The work w a s  divided i n t o  two phases: t h e  conceptual design (phase 

I ) ,  which was completed and reported’ i n  December 1966, and t h e  prel imi-  

nary design (phase 11), which i s  t h e  subject  of t h i s  r epor t .  

I n  phase I, various heat source concepts were evolved, c r i t i c a l  

problems were iden t i f i ed ,  t h e  f e a s i b i l i t y  of t h e i r  so lu t ion  w a s  evaluated, 

and estimates were m d e  of t h e  weights and physical  dimensions of t he  

various concepts. These s tudies  evaluated a shielded model i n  an uniden- 

t i f i e d  15 - f t -d im manned vehic le .  Fuel forms of 238Pu, ld7Pm, and 244Cm 

were considered, and many capsule designs and hea t  t r a n s f e r  methods were 

s tudied.  An uncontrolled r een t ry  vehicle  f o r  emergency r e tu rn  of t h e  

capsules was assumed f o r  a l l  designs.  

concepts ranged from 3,000 t o  26,000 l b .  

j u s t i f i c a t i o n  and bas i s  f o r  fea tures  subsequently incorporated i n t o  t h e  

phase I1 design a re  presented only i n  the  phase I repor t  (e .g . ,  bas i s  

f o r  choice of mater ia ls ,  discussion of pressure-temperature h i s t o r y  of 

capsules, capsule s t rength requirements, c r i t i c a l i t y  hazards ) . 

The l i f t - o f f  weights of t h e  various 

Considerable port ions of t he  

The most promising concept of t h e  phase I work from t h e  standpoint 

of weight and f e a s i b i l i t y  w a s  se lec ted  for the  phase I1 work; and a more 

d e t a i l e d  preliminary design w a s  prepared f o r  a spec i f i c  mission concept. 

For t h e  phase I1 study, t h e  heat source w a s  assumed t o  be required t o  

provide power t o  a manned laboratory i n  a near-ear th  o r b i t .  The source 

w a s  assumed t o  be contained i n  a multipurpose mission module posit ioned 

hetween ar, A$ollo comriiid an6 serv ice  module and a second multipurpose 
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module, as i l l u s t r a t e d  i n  Fig.  1. . The ral ia t ion sh ie  - w a s  designed 

t o  reduce t h e  exposure t o  25 rads per  year based on the  projected man- 

hours t o  be spent i n  each module. 

contained i n  a plane a r r ay  of fue l  capsules rad ia t ing  t h e i r  hea t  t o  

Brayton-cycle heat exchangers. To effect emergency heat r e j ec t ion  i n  

o r b i t ,  t h e  source w a s  pivoted so t h a t  it rad ia ted  t o  space. 

Some of t h e  performance and design c r i t e r i a  for t h e  heat source i n  

phase I1 were d i f f e r e n t  f romthose i n  phase I because of changes i n  t h e  

proposed Brayton-cycle equipment, t h e  need t o  r e l a t e  t h e  sh ie ld ing  re -  

quirements t o  a spec i f i c  mission, and some reassessment of mater ia l  per- 

formance requirements. A schematic diagram of t he  radioisotope-fueled 

Brayton-cycle power system i s  shown in  Fig.  1 .2 ,  and t h e  operating con- 

d i t i o n s  spec i f ied  by t h e  NASA-Lewis Research Center f o r  use i n  t h e  phase 

I1 study a r e  given i n  Table 1.1. 

The f u e l  w a s  assumed t o  be 238Pu02 

The primary concern i n  t h e  conceptual designs and t h e  preliminary 

design f o r  t h e  238Pu02 system was t o  insure  that  t h e  radioisotope f u e l  

would remain contained within the  f u e l  capsules under a l l  c red ib le  con- 

d i t i o n s .  Weight and volume considerations were kept secondary t o  sa fe ty  

i n  evolving t h e  designs. The major  sa fe ty  guide l ines  used i n  t h e  design 

Table 1.1. Brayton-Cycle Spec i f ica t ions  (Phase 11) 

Working f l u i d  

Shaft  power, kw 

Turbine i n l e t  temperature, O R  

Turbine i n l e t  pressure,  p s i a  

Compressor i n l e t  temperature, O R  

Compressor i n l e t  pressure, p s i a  

Pressure drop i n  heat-source 

Rec uperat o r effectiveness 

Weight flow, lb/sec 

Nominal thermal input (a t  end 

heat exchanger, $ 

of 1 year ) ,  kw 

Helium-xenon 

6.8 

1960 
26.3 

540 

13.8 
3 

(mol. w t ,  83.8) 

0.90 
0.96 

25 
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s t u d i e s  were t h e  following: 

1. 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

The maximum surface temperature of t h e  f u e l  capsules at any time 

during the  prelaunch, launch, and o r b i t a l  phases of the  mission 

must not exceed 2000"F, even i f  t h e  Brayton-cycle system i s  

inoperative.  

The system must be designed so t h a t  heat can be t ransfer red  t o  

e i t h e r  of two completely independent Brayton-cycle systems, in -  

cluding two completely independent heat exchangers. 

The system design i s  directed toward containment of t h e  radioisotope 

within t h e  capsules f o r  a period of time equal t o  t e n  h a l f - l i v e s  

o r  more of t h e  radioisotope under a l l  c red ib le  conditions.  

o r  containment due t o  sabotage or catastrophic  explosions of f u e l s  

i n  o r b i t  were not considered.) 

The radioisotope f u e l  must remain contained within t h e  f u e l  capsules 

i n  t h e  event of a launch-pad f i r e  o r  other  emergencies during launch 

and o r b i t a l  in jec t ion .  

The radioisotope f u e l  must remain contained within t h e  capsules 

during and a f t e r  an uncontrolled reent ry  from space. 

Burial  with subsequent l o s s  of containment must be avoided. 

The assembly of a c r i t i c a l  mass of t h e  238Pu f u e l  form must be 

prevented under a l l  c red ib le  conditions.  

(Loss 

These goals can be approached i n  only a l imi ted  fashion i n  conceptual 

and preliminary design s tudies .  

tainment of t h e  radioisotope f u e l  f o r  a time equal t o  ten  f u e l  h a l f - l i v e s  

requires  a containment l i f e t i m e  of approximately 875 years.  It i s  i m -  

p r a c t i c a l  t o  expect t h a t  i n  the near f u t u r e  there  w i l l  be s u f f i c i e n t  

understanding of long-term materials behavior t o  prove t h a t  a p a r t i c u l a r  

capsule w i l l  remain i n t a c t  f o r  centur ies .  However, the use of a ten 

h a l f - l i v e s  containment guideline as a goal toward which the  capsule de- 

s ign i s  d i rec ted  i s  very useful because t h e  c e n t r a l  design problem then 

becomes one of evaluating and coping with long-term s t r e s s  e f f e c t s  within 

t h e  limits of t h e  bes t  ava i lab le  data and methods of extrapolat ion.  

Since t h e  r e l a t i v e l y  short-term mission operat ional  requirements a r e  l e s s  

s t r ingent ,  they a r e  secondary i n  importance. This approach can be 

I n  t h e  case of 238Pu02, complete con- 
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expected t o  lead t o  conservative capsule designs from a s t ruc tura l - in teg-  

r i t y  standpoint and, i n  turn,  should lead  t o  a sa fe r  heat  source design. 

I n  the  phase I1 capsule design, t h e  operat ional  c r i t e r i o n  f o r  t h e  

primary (s t ress-bear ing)  f u e l  capsules w a s  t h a t  they not undergo more 

than 1% creep i n  f i v e  years.  This requirement i s  more t y p i c a l  of t h e  

usual  engineering spec i f ica t ion ,  and a design can be proved by reasonably 

short-term experiments. However, t h e  5-year 1$ s t r a i n  c r i t e r i o n  w a s  es-  

tab l i shed  only a f t e r  t h e  phase I work had indicated t h a t  t h i s  l i m i t a t i o n  

would r e su l t  i n  a capsule design which would have s u f f i c i e n t  s t r u c t u r a l  

s t r eng th  t o  withstand t h e  s t r e s s e s  caused by t h e  buildup of helium pres-  

sure  from the  decay of t h e  238Pu02 f u e l  f o r  times approaching t en  h a l f -  

l i v e s  at  the  expected temperatures. This pred ic t ion  of t he  p o t e n t i a l  

l i f e t i m e  of the  capsule w a s  supported by more d e t a i l e d  ca lcu la t ions  dur- 

ing t h e  phase I1 work. 

The NASA-Lewis Research Center did not  put any r e s t r i c t i o n s  on t h e  

designs with respect t o  weight or volume, s ince  i t  w a s  recognized t h a t  

sa fe ty ,  not s ize ,  i s  the  paramount problem i n  t h e  design of  radioisotope 

heat sources. It w a s  recognized, however, t h a t  i f  s a fe ty  considerat ions 

were equal, l i g h t  and compact heat-source designs were preferable .  The 

NASA-Lewis Research Center d id  specify t h a t  t h e  designs should adhere as 

c lose ly  as possible  t o  current  or expected near-future  technology w i t h  

regard t o  materials,  methods of fabr ica t ion ,  and launch operation 

capab i l i t i e s .  

The radioisotope f u e l  requirements f o r  t h e  phase I1 heat source 

were based on an operating l i f e  of 1 year, and t h e  r a t e  of hea t  output 

at  t h e  end of the  1-year operat ional  period would be 25 kw. 

assumed t h a t  i n  a normal mission t h e  radioisotope f u e l  would be returned 

t o  ea r th  i n  a separate  f e r r y  vehicle,  returned by cont ro l led  deorbi t ing 

and impact i n  a se lec ted  area,  or i n j ec t ed  i n t o  a long-lived o r b i t .  

Since it would be possible  f o r  an accident t o  occur during launch or 
a f t e r  some period i n  o r b i t  t h a t  would r e s u l t  i n  random reent ry  of t h e  

heat source, t h e  design w a s  more s t rongly influenced by abnormal mission 

conditions than  by t h e  normal mission mode. 

It w a s  
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A preliminary design was prepared for a nominal 25-kw(th) 2 3 8 ~ 0 2  

heat source that can be coupled with a Brayton-cycle power-conversion 

system for use in space. The design was based on the premise that the 

radioisotope heat source would be used aboard a manned spacecraft, and 

the appropriate shielding and safety considerations were included for 

this type of application. The characteristics of the design are sum- 
marized in Table 2.1, and the weight breakdown is summarized in Table 2.2. 
Figure 2.1 is an exploded view of the design. 

The choice of 238Pu02 as the radioisotope fuel for the heat source 

was made as a result of the phase I conceptual design study,' which indi- 
cated that plutonium would give a lighter system weight than would be 

obtained by using 244Crn203 or '47Fm203 in this type of application. The 

differences in heat-source system weights estimated in the phase I work 
depended greatly on the design concept; however, a comparison of the 

lightest weight concepts for each fuel (Table 2.3) shows a significant 

advantage for 238Pu because of its lighter shielding requirements. 
The general design approach of incorporating all the fuel capsules 

into a single passive emergency-reentry body that is essentially indepen- 

dent of the heat exchanger, shield, and other parts of the Brayton-cycle 
system was also an outgrowth of the phase I analysis. The phase I work 
indicated that the single reentry body offered the most flexibility in 

solving many of the safety problems associated with a radioisotope system. 

In the phase I1 design the 238Fu02 fuel, in microsphere form, is 
contained in 156 multilayered fuel capsules, which are approximately 6 in. 

long and 1 1/2 in. in diameter (shown in cross section in Fig. 2.2). 
inner layer, which is an annular tungsten cup that holds the fuel, is 
contained within a stress-bearing envelope of tantalm-base alloy T-111, 

which, in turn, is contained within a corrosion-protection envelope of 
platinum or Pt-20$ Rh. A diffusion-barrier layer of thoria is used be- 
tween the platinum and the T-111 alloy, and a coating of iron titanate 

is used on the platinum to increase its emissivity to about 0.8 for heat 
transfer purposes. 

The 
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Table 2.1. Summary of Phase I1 Radioisotope 
Heat-Source Design Characteristics 

-~ 

Component or 
System Design Characteristics 

Fue 1 238Pu02 microspheres 

Fuel capsule Not to exceed 1$ creep in 5 years at 2000°F 
Individual capsule burial temperature limited to 

Complete containment of helium 
Maximum operating temperature of 2000°F 
Air and seawater corrosion protection 
Up to five years normal operating life 

2000°F 

Shielding 

Heat transfer 

Reentry body 

Dose rate not to exceed 20 rads per year B-7 and 5 

Occupancy model for three-man crew 
rads per year neutron 

Sleep 7.5 &/man-day 
Personal (meals, etc.) 3.5 hr/man.day 
Exercise 1.0 hr/man . day 
Laboratory checkout 10 min/3 hr . crew-day 
Apollo checkout 10 min/3 hr.crew-day 
Scheduled maintenance 48 minlcrew-day 
Laboratory 32.5 hr/crew-day 

Radiant transfer for all modes 
One active and one redundant Brayton-cycle heat 

Separate launch-pad-cooling heat exchanger 
Direct (radiant) transfer to space in emergency 
cooling mode 
Single heat-source reentry body 
Intact reentry 
Inherent ( nonac t ive ) stab iliza t ion 
Low frontal loading at impact to prevent burial 
Launch-abort ejection system 

exchanger 

Power conversion Electrical power output, 5-6 kw 
System efficiency, 23% (including 5000 Btu/hr heat 

Working fluid, helium-xenon (average molecular 
loss) 

weight, 83.8) 
Inlet temperature to heat source, 1089°F 
Inlet temperature to turbine, 1500°F 
Turbine inlet pressure, 26.3 psia 
Maximum allowable heat transfer pressure drop, 
3s 
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Table 2.2. Radioisotope Heat Source 
Component Weights 

Spec i f ic  weight: 110 lb/kw(th) 

Component 

Reentry body ( including f u e l )  1300 
Abort rockets  and support r i ng  120 
Heat exchanger 3 90 
Shield 66 0 
Structure  15 0 
Servos 50 

Tota l  2670 
- 

Table 2.3. Phase I f i e 1  Versus Weight 
Comparison f o r  Minimum-Weight Concepts 

Reentry Body Heat Source 
f i e  1 Weight System Weight 

O b )  (1b) 

2 3 8 p u ~ 2  23 00 3 200 

147Pm203 1390 4940 

* 44Cm2 03 650 7400 

One of the major s t r u c t u r a l  design requirements f o r  the  phase I1 
capsule i s  t h a t  it not exceed 1% creep i n  5 years when i t s  i n i t i a l  surface 

temperature i s  2000°F. As i n  the phase I design, the  capsule i s  designed 

t o  have a po ten t i a l  l i f e  equivalent t o  a t  l e a s t  t e n  f u e l  ha l f - l i ves  while 

maintaining complete containment of the f u e l  and the helium generated by 

alpha decay. 

s i s t e n t  with t h e  long-term containment-safety guidel ine f o r  the tempera- 

t u r e  conditions expected i n  t h i s  appl ica t ion .  Since both the  amount of  

s t r a in  an6 the -dtiniZ.te life of the  caFsule dzpecd s n  t h e  terqerat??lre 

his tory,  the phase I1 design l i m i t s  the  surface heat  flux of the individual  

It was found t h a t  t he  5-year 1% s t r a i n  c r i t e r i o n  w a s  con- 
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\ \ p . 0 2 0  W SPACERS 

VOID VOLUME 

CORROSION PROTECTIVE 
CAPSULE - Pt  0 . 0 2 0  WALL 

0.010 T h o 2  WITH 
0.002 HELIUM GAP 

IRON TITANATE COATING 
0.002 T H I C K  

PRIMARY CONTAINMENT 
CAPSULE - T-114 
1.474 0.d. x 0.175 WALL 

ANNULAR F U E L  HOLDER 
0.020 WALL (W)  

P U  0 2  M ICROSP HERE S 
0.241 THICK ANNULUS 

DIMENSIONS IN INCHES 

VOID VOLUME 

B E N D  A S  SHOWN 
A F T E R  W E L D I N G  

Fig. 2.2. Conceptual Design of  t h e  238Pu-Fueled Capsule; 156 Cap- 
su l e s  Required f o r  24.5-kw(th) End-of-Life Power. 

capsules t o  a value which assures t h a t  the surface temperature of t he  cap- 

su l e  w i l l  not exceed 2000°F during normal operation or i n  the event a 

s ing le  capsule i s  buried i n  dry sand. An incremental method w a s  used t o  

design the  f u e l  capsule t h a t  w a s  developed i n  the  phase I work f o r  t r e a t -  

ing the creep-behavior problem created by varying s t r e s s  and varying tem- 

pera ture .  

w a s  obtained and appl ied t o  the phase I1 capsule design. This so lu t ion  

indicated t h a t  the capsule a s  designed w i l l  not  reach 1% creep u n t i l  13.8 

years  a f t e r  encapsulation of t he  f u e l  and w i l l  not rupture  due s o l e l y  t o  

i n t e r n a l  pressure f o r  over 890 years.  

In  addition, a more near ly  a n a l y t i c a l  so lu t ion  t o  the problem 
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Since the time periods of i n t e r e s t  i n  t he  capsule design a r e  qu i t e  

long compared with the experimental creep data ava i l ab le  f o r  t he  T - 1 1 1  

a l loy ,  it was necessary t o  make long ex t rapola t ions  i n  time of  the mechani- 

c a l  property data. I n  order t o  obtain some indica t ion  of the r e l i a b i l i t y  

of long extrapolations,  a comparison w a s  made of the  r e s u l t s  predicted by 

extrapolat ing short-term data with longer term experimental r e s u l t s  f o r  

Cb-l% Z r ,  Hastelloy N, and type 304 s t a i n l e s s  s t e e l .  The r e s u l t s  ind ica te  

t h a t  extrapolat ions of a t  l e a s t  a f ac to r  10 i n  time, and poss ib ly  longer, 

give r e s u l t s  f o r  these a l loys  t h a t  a r e  accurate  within the  l i m i t s  of normal 

heat-to-heat va r i a t ions  and experimental e r r o r .  

The multipurpose mission module2 spec i f ied  by NASA w a s  used a s  the 

vehicle  configuration f o r  in tegra t ion  s tud ie s .  The permissible dose r a t e  

f o r  the crew and the occupancy model a r e  given i n  Table 2.1. The gamma 

contr ibut ion from the 238Pu02 f u e l  ( 1 . 2  ppm 236Pu) i s  in s ign i f i can t  com- 

pared with the neutron dose r a t e .  To reduce the contr ibut ion from (a ,n)  

neutrons, the oxygen i n  the  238Pu02 f u e l  compound i s  depleted i n  the isotope 

l80 by a fac tor  of 10 below i t s  normal abundance. Further  reduction i n  

the l 8 O  content w i l l  not s i g n i f i c a n t l y  reduce the  neutron output of the  

present-day f u e l  because of (a,n) reac t ions  w i t h  t r a c e  amounts of o ther  

impuri t ies .  There a r e  0.214 neutrons produced per  o r i g i n a l  source neutron 

by s u b c r i t i c a l  mul t ip l ica t ion  i n  the phase I1 source a r ray .  The t o t a l  

neutron source s t rength  ( including neutron mul t ip l ica t ion)  i s  ca lcu la ted  

t o  be 9200 f 3000 neutrons/sec per  gram of 238Pu. 

A &-in.-thick sh ie ld  of L i H  i s  required t o  reduce the time- and volume- 

averaged dose r a t e  i n  the three  modules of the multipurpose mission module 

spacecraf t  t o  5 rads per  year from neutrons and 20 rads per year from 

gamma rad ia t ion .  

only i n  the d i r ec t ion  of the  manned compartments, s ince  the dose r a t e  a t  

1 m from the unshielded s ide  of the  source a r r a y  i s  only about 100 mrem/hr. 

The components t h a t  make up the  heat-source system (shown i n  Fig. 2.1) 

The sh ie ld  ( i l l u s t r a t e d  i n  Fig. 1.1 of Sect .  1) i s  needed 

a r e  the reentry pro tec t ive  she l l ,  f u e l  p la te ,  r een t ry  body support r ing,  

heat exchanger assembly, main support s t ruc ture ,  and L i H  sh ie ld .  The 

system i s  arranged so  t h a t  the  f u e l  block and r een t ry  s h e l l  a r e  assembled 

as a separate u n i t  t h a t  can be r ap id ly  disengaged from the  rest of the 



system i n  the event of a mission abort .  The use of a s ingle  reent ry  body 

t o  contain a l l  the  f u e l  capsules o f f e r s  s eve ra l  advantages. All the  radio. 

isotope f u e l  i s  kept i n  one place i n  the  event of a random reent ry  from 

o r b i t ,  and the  terminal ve loc i ty  can be kept low enough t o  prevent b u r i a l  

and capsule deformation on impact. With an optimum mass of moderator and 

heavy-metal re f lec t ion ,  a c r i t i c a l  configurat ion of  f u e l  could be achieved 

only by rupture, re lease,  and reassembly of f u e l  from the capsules.  The 

r een t ry  body, including the f u e l  p la te ,  weighs 1300 l b  and has a diameter 

of 5.5 f t .  The calculated impact ve loc i ty  i s  250 fps ,  and enough of t h e  

impact force can be absorbed i n  the r een t ry  pro tec t ive  s h e l l  and f u e l  plate  

t o  prevent s ign i f i can t  deformation of the  f u e l  capsules.  

The f u e l  capsules a r e  contained i n  -1% Z r  tubes at tached t o  the  

surface of t he  f u e l  p l a t e .  Heat i s  transmitted,  p r inc ipa l ly  by radiat ion,  

from the surface of the capsules t o  the  tubular  holders and then t o  the  

working-fluid heat exchanger. A l l  surfaces  involved i n  the  r ad ian t  t rans-  

f e r  of heat a r e  coated with i ron  t i t a n a t e  t o  improve t h e i r  emissivi ty .  

The heat exchanger i s  designed for a helium-xenon gas-mixture working 

f l u i d  with an e f f ec t ive  molecular weight of 83.8. 

sembly cons i s t s  of both ac t ive  and redundant exchangers arranged i n  the 

form of involute  tubes i n  a planar d i sk  geometry. The d isk  i s  the same 

diameter as the  f u e l  block and, in  the  operat ing posi t ion,  i s  located 

about 5 in .  from the tubular  capsule holders.  The matching geometry of 

the f u e l  p l a t e  and heat exchanger (planar  d i sks)  enhances r ad ian t  hea t  

t r ans fe r ,  and the average operating temperature of the  f u e l  capsules w i l l  

be approximately 1750°F. 

t he  capsules near the heat-exchanger o u t l e t  header may run a t  approximatel) 

2050"F, which i s  s l i g h t l y  above the design goal  o f  2000°F. 

t o  the  a c t i v e  and redundant exchangers, the heat-exchanger assembly a l s o  

contains  a t h i r d  exchanger through which l i q u i d  coolant i s  c i r cu la t ed  

during launch-pad operations t o  keep the f u e l  p l a t e  below i t s  normal oper- 

a t i n g  temperature. 

The heat  exchanger as- 

A hot-spot ca l cu la t ion  ind ica tes  t h a t  a few of 

I n  addi t ion  

An a l t e r n a t e  heat exchanger design, based on the use of pure argon 

as the working f lu id ,  w i l l  f i t  within the  space required f o r  the helium- 

xenon design. This a l t e r n a t e  exchanger w i l l  also meet the design c r i t e r i a  

of not exceeding a pressure drop of 376. 
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Linde Superinsulation, a m u l t i f o i l  type Of insulat ion,  surrounds the  

heat exchangerfuel  block cavi ty .  Since the  f u e l  p l a t e  and i t s  r een t ry  

pro tec t ion  she l l  are separable from the heat exchanger and o ther  p a r t s  of 

the Brayton-cycle system, a labyr in th  s e a l  arrangement i s  used t o  form 

the j o i n t  between the two halves of the  insulated volume. Allowances were 

made i n  the f u e l  capsule design fo r  a 10% heat loss  through the  insu la t ion ;  

however, the calculated loss  i s  l e s s  than 5%. 

function of preventing heat l o s s ,  the  insu la t ion  i s  a l s o  used t o  p a r t i a l l y  

support the f u e l  p l a t e  and heat exchanger and t o  keep them centered. Since 

t h i s  act ion i s  accomplished without penetrat ions through the insulat ion,  

t h i s  design feature  i s  l a rge ly  responsible f o r  the low system heat loss .  

Safety devices a re  included i n  the system design t o  p ro tec t  the in-  

t e g r i t y  of the capsules i n  the  event of malfunction o r  mission abor t  and 

i n  periods when the Brayton-cycle equipment i s  inoperat ive.  While the  

launch vehicle i s  on the pad, the heat source cannot be deployed fo r  cool- 

ing, s ince it i s  enclosed within the Saturn U M  adaptor ( S a )  sec t ion  

between the Apollo service module and the  S-IVB stage.  The previously 

mentioned t h i r d  heat exchanger, which i s  connected t o  an ex te rna l  coolant 

loop, keeps the  f u e l  p l a t e  temperature under cont ro l  during the  launch- 

pad checkout period. A t  l i f t - o f f ,  t h i s  launch-pad heat exchanger i s  d i s -  

connected from the coolant supply and only the heat capaci ty  of the system 

i s  available t o  cont ro l  the r a t e  of  r i s e  of the  f u e l  capsule temperatures. 

A heat capacity s u f f i c i e n t  t o  keep the  capsules below the  maximum operating 

temperature of 2000°F f o r  about 30 min a f t e r  disconnecting the  launch-pad 

heat exchanger i s  provided i n  the form of  100 l b  of Be0 located i n  the  f u e l  

block. It is assumed t h a t  within 30 min a f t e r  launch the  SLA can be de- 

ployed, and the  f u e l  p l a t e  i n  i t s  r een t ry  body can be ro t a t ed  t o  r e j e c t  

i t s  heat t o  space u n t i l  t he  Brayton-cycle equipment i s  put  i n t o  operation. 

With 100 l b  of BeO, up t o  1 hr  can elapse without ex te rna l  cooling before 

the  temperature of the capsules reaches a l e v e l  c lose t o  the  melting poin t  

of the platinum cladding on the  capsules. The design of the  f u e l  p l a t e  

allows enough space t o  contain up t o  300 l b  of Be0 i f  needed f o r  a mission 

requir ing a longer heat-storage capabi l i ty .  

I n  addi t ion  t o  i t s  main 

An abort rocket system is included i n  the  design t o  provide a means 

of e j ec t ing  the  f i e 1  p l a t e  within i t s  pro tec t ive  r een t ry  s h e l l  i n  the 



event of a launch-pad f i r e  or a mission abort  a f t e r  l i f t - o f f  but p r i o r  

t o  achieving o r b i t .  

which, i n  turn,  i s  at tached t o  t h e  reentry-body support r ing .  They a re  

designed t o  e j e c t  the reent ry  body a horizontal  dis tance of about 200 f t  

from the s ide  of .the launch vehicle.  

The abort  rockets a r e  attached t o  a s t r u c t u r a l  r i ng  

After the SLA has been deployed and o r b i t  has been achieved, t he  abort  

rocket  r i ng  i s  separated from the reentry-body support r i ng  by explosive 

cord and allowed t o  d r i f t  off  i n t o  space. If, during the  course of the  

mission, the  Brayton-cycle equipment becomes inoperative,  the reent ry  body 

can be ro ta ted  through 180" so tha t  the  hot surface of the  f u e l  block i s  

facing toward space r a the r  than a t  t he  heat exchangers. This ro t a t ion  

w i l l  normally be accomplished by two low-torque servo motors located a t  

the  reentry-body support-ring pivot point  (Fig.  2 .1) .  If the  motor system 

fails ,  the Be0 heat s ink  w i l l  provide from 30 t o  60 min t o  deploy the heat 

source t o  i t s  emergency cooling posi t ion manually. 

fail ,  the reent ry  body with the f u e l  p l a t e  can be separated from the  

spacecraf t  by means of an explosive cord t h a t  w i l l  s p l i t  the  support r i ng  

around i t s  c i r ~ u m f e r e n c e . ~ ,  

plosive cord because there  has been considerable p r a c t i c a l  experience with 

t h i s  material ,  and NASA experiments have indicated t h a t  it can r e l i a b l y  

be expected t o  detonate properly even a f t e r  exposure t o  a space environ- 

ment fo r  two years.  

I f  t he  manual e f f o r t s  

Hexanitrostilbene i s  spec i f ied  f o r  the  ex- 

The reent ry  body was  designed with a la rge  projected a rea  i n  order 

t o  achieve a low b a l l i s t i c  coef f ic ien t  ( 4 9 )  and correspondingly low 

terminal  ve loc i ty  and f r o n t a l  loading. 

in . - th ick  ab la t ive  coating t o  provide complete pro tec t ion  aga ins t  r een t ry  

heating. The blunted-cone shape w a s  chosen because of i t s  inherent  sta- 
b i l i t y  i n  the forward d i r ec t ion .  To guard aga ins t  the remote p o s s i b i l i t y  

of the reent ry  body s t a b i l i z i n g  i n  the  wrong d i rec t ion ,  a r igh t ing  member 

w a s  placed on the  r e a r  surface t o  t i p  the  body over t o  the forward d i rec-  

t i o n .  

design w i l l  minimize the tendency f o r  the body t o  o s c i l l a t e  during r een t ry  

while enhancing the tendency f o r  it t o  spin s t a b i l i z e .  

The s h e l l  i s  covered with a 2 1/2- 

The high r a t i o  of spin i n e r t i a  t o  tumbling i n e r t i a  (1.86) of the 
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A facility for fueling and assembling the individual fuel capsules 
consists of a bank of seven lightly shielded cells (-2 ft of concrete) 

equipped with master-slave manipulators. Two of the cells are for re- 
ceiving and shipping, and the other five are for capsule assembly opera- 

tions. The equilibrium temperature in air of a fully fueled capsule will 
be approximately 1000°F, so all operations up through the assembly of the 

outer platinum cladding will be carried out in an inert atmosphere to pre- 
vent oxygen contamination of the refractory metals used in the capsule 

construction. After the outer platinum cladding is sealed, the individual 

fuel capsules can be handled in air without difficulty. Shipment of the 
capsules to the launch site will be made in water-shielded casks that meet 
all ICC regulations for shipment of radioactive materials. Four individual 
shipments of 6 kw(th) each are proposed to make up each heat source. 

Loading of the individual capsules into the fuel block can be carried 

out manually at the launch site. The fuel plate in its reentry body can 
be installed aboard the launch vehicle prior to fueling, and the reentry 

body can be pivoted outward slightly to expose the ends of the tubular 

capsule holders. Individual groups of capsules corresponding to the number 

going into each tubular holder will be transported in small shields to 
the level of the Brayton-cycle equipment and slid individually, using a 

specially adapted tool, into the tubular holder. After each holder is 

filled it will be capped, sealed, and crimped to hold the capsules in 

place. The dose rate at 1 m from the unshielded fully fueled heat source 
will be only 100 mrem/hr, and it is expected that the entire fueling can 

be carried out without exceeding dose limits to members of the fueling 

team. 

' 

Identification is made of those fields of research and some of the 
detailed research and development problems where further investigations 
will have to be carried out in order to test the validity of the design. 
The problems are mainly in the fields of high-temperature materials and 
aerodynamics because compliance of the design with the safety ground rule 
for containment of fuel under all credible conditions is based partly on 
utilization of what is judged to be near-future materials technology and 

on extrapolations from present aerodynamic data. 



3. CAPSULE DESIGN 

3.1. Phase I1 Fuel Select ion 

I n  t h e  phase I study,' several  forms of 147F'm, 244Cm, and 238h f u e l  

were invest igated.  

spheres were se lec ted  as t h e  f u e l  t o  be considered i n  t h e  phase I1 pre- 

l iminary design. 

i n  Table 3.1. These values a r e  based on t h e  most recent information from 

Mound and, i n  some instances,  vary s l i g h t l y  from t h e  values 

given i n  t h e  previous repor t  (Ref. 1, p. 1 4 ) .  

Based on t h e  r e s u l t s  of t h i s  study, 2 3 8 h 0 2  micro- 

Some of t he  s ign i f i can t  proper t ies  of 238pU02 a r e  l i s t e d  

The recommended value from Mound Laboratory5 f o r  t h e  spec i f i c  power 

of t h e  compound i n  t h e  present-day microspheres i s  2.6 k 0.1 w/cm3 based 

on a packing f r ac t ion  of approximately 56%. 

f u e l  corresponding t o  t h i s  value would f i t  i n t o  the  phase I1 capsule as 

designed; however, t he  f u e l  would be dispersed throughout t h e  capsule 

volume (except f o r  t he  end caps)  ins tead  of being i n  t h e  annular configu- 

r a t i o n .  The center - l ine  temperature of t h e  dispersed f u e l  arrangement 

would be subs t an t i a l ly  higher than t h e  design value (outer  surface tem- 

pera ture  l imi t a t ion  of 2000°F), but it would s t i l l  be well  below t h e  de- 

s ign  c r i t e r i o n  of l imi t ing  t h e  maximum f u e l  temperature t o  200'F or more 

below t h e  melting poin t .  

The required volume of 

A t  t h e  present time, t he  O a k  Ridge National Laboratory i s  developing 

the  "sol-gel" technique f o r  preparing microspheres with a control led par- 

t i c l e  s i z e  d i s t r ibu t ion .  

ing f r a c t i o n  have been prepared8 and, as indicated i n  Table 3.1, t h i s  

value w a s  used i n  t h e  phase I1 capsule design. 

Plutonium oxide microspheres with an 80% pack- 

In  order t o  provide a minimum of 5 kw(e) a t  t h e  end of a 1-year 

mission, a t o t a l  of 24.5 kw(th) i s  required f o r  t he  i n i t i a l  fue l ing .  

This value i s  based on 

1. 

2 .  

a Brayton-cycle t o t a l  system e f f i c i ency  of 23%, 

a two-month l a g  period between t h e  loading and f ab r i ca t ing  of t he  

capsules and spacecraf t  launching, 

a 10% excess wattage f a c t o r  f o r  hea t  l o s ses  through system insu la t ion .  3 .  
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Table 3.1. Data Sheet f o r  238Pu02 as a 
Brayton-Cycle Heat Source 

General propert  i e  sa 

Ha l f - l i f e ,  y 
Density, g/cm3 
Spec i f ic  power of  compound, w/g 
Power of compound, w/cm3 

Maximum 
ORNL design value 

Melting point ,  "C 
Thermal conductivity a t  12OO0C, w/cm* "C 

Maximum 
ORNL design value 

Requirements 

Total  thermal power t o  provide 5 kw(e) 
a t  end of 1-year mission, kw 

I n i t i a l  f u e l  a c t i v i t y ,  cu r i e s  
Total  f u e l  weight, lb 

87.5 
11.4 
0.406 

4.63 

2240 
3.7b 

0.0235 
0. 0135b 

24.5' 
740,000 
133 

?Based on 80% 238Pw20% 239Pu and other  impuri- 

bBased on 80% packing f r a c t i o n  with 1 atm helium 

t i e s .  

occupying the  void volume. 

Includes 2-month l a g  between load and launch and 
10% excess wattage f o r  heat losses  through insu la t ion .  

C 

The calculated heat losses  f o r  t h e  phase I1 system show t h a t  t h e  10% 
excess wattage f ac to r  used a t  t h e  start  of t h e  phase I1 design was s l i g h t l y  

higher than necessary. 

3 .2 .  Phase I1 Capsule Design 

3.2 .l. C r i t e r i a  

Af te r  considering t h e  i n i t i a l  s a f e t y  guidel ines  and t h e  e s s e n t i a l  

design c r i t e r i a  es tabl ished i n  t h e  phase I study, t he  phase I1 capsule 

design w a s  based on the  following:* 

*The ca lcu la t iona l  method f o r  choosing t h e  bes t  r e l a t ionsh ip  between 
t h e  number of capsules, w a l l  th ickness ,  and void volume i s  described i n  
d e t a i l  i n  the phase I repor t .  
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1. The capsules would be multilayered cylinders with ellipsoidal 

end caps. (For structural purposes, the hemispherical end cap configura- 

tion used in the phase I study was replaced by the ellipsoidal configura- 
tion. ) 

a. 

b. 

C. 

d. 

e. 

Primary (stress-bearing) capsule material - For stress bearing to 

withstand internal pressure buildup and reentry earth impact, a 
tantalum-based alloy, T-111, would be used. 
Fuel holder material - Tungsten (20-mil wall) would be used for the 
annular fuel holder inside the primary capsule, since there is a pos- 

sible compatibility problem between the Pu02 and the tantalum-base 
alloy of the primary capsule. 

Outer (corrosion-protection) capsule material - Platinum would be 
used to provide protection under corrosive conditions such as high- 
temperature oxidation, earth burial, and immersion in seawater. A 

wall thickness of 20 mils was judged to be sufficient to provide pro- 
tection from the various corrosive atmospheres at temperatures up to 

2000 O F .  

Barrier coating between primary and outer capsule - A  10-mil coating 
of Tho;! would be used on the outside of the primary capsule to pre- 

vent possible interaction and diffusion of the platinum with the pri- 
mary capsule material. 

Exterior capsule coating - Since platinum has a low emissivity (-0.2), 
a 2-mil coating of iron titanate would be required to raise the emis- 

sivity value to approximately 0.8 for heat transfer in the Brayton- 
cycle heat exchanger system. 

2 .  The length-to-diameter ratio of the primary capsule would be 4 .  

The choice of this L/D ratio was based mainly on available impact data 
obtained from tests on similarly shaped capsules in connection with AEC 

isotopic power safety evaluation programs. 

3 .  The primary capsule wall thickness would be no less than 0.060 

in. and no more than 0.250 in. This maximum thickness is assumed to be 

the limit for which existing remote-welding facilities can obtain a full- 

penetration structurally satisfactory welded joint. 
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4.  The maximum capsule surface temperature would be 2000'F under 

normal operating conditions and f o r  b u r i a l  i n  case abor t  or accident con- 

d i t i ons  resul ted i n  burial  of a s ing le  capsule. 

5 .  Creep would not exceed 1% i n  5 years .  This c r i t e r i o n  i s  based 

on t h e  assumption t h a t  the  l aye r s  which c o n s t i t u t e  t h e  f u e l  capsule w i l l  

s t i l l  be able t o  perform t h e i r  respect ive funct ions a t  t h e  time 1% creep 

has occurred i n  t h e  primary capsule w a l l .  

6. 

condi t ions.  

No c r i t i c a l  a r r ay  of f u e l  could be formed under any cred ib le  

3.2.2.  Design 

The phase I1 capsule design provides f o r  a time t o  1% creep of 5 
years under normal operating conditions.  As w i l l  be described l a t e r  i n  

t h i s  section, t h i s  creep c r i t e r i o n  l i m i t s  t h e  allowable r a t e  of s t r e s s  

increase i n  t h e  capsule w a l l s  (from helium production) t o  a value t h a t  

w i l l  not exceed t h e  ul t imate  t e n s i l e  s t rength  of t h e  capsule i n  a t ime 

period equal t o  t e n  ha l f - l i ves  of t h e  "'PUO2 f u e l .  

would allow possible  extension of mission l i f e  i f  a change were des i rab le .  

Brayton-cycle spec i f ica t ions  provide a 1-year mission l i f e ;  bu t  with 23 8Pu 

as t h e  fue l ,  mission l i f e  could e a s i l y  be extended t o  5 years without ex- 

ceeding t h e  capabi l i ty  of t h e  f u e l  t o  provide adequate heat .  

This creep c r i t e r i o n  

During t h e  phase I study, a method was developed f o r  ca lcu la t ing  an 

allowable s t r e s s - r a t e  versus time curve f o r  t h e  primary capsule material. 

This method was applied i n  t h e  phase I1 design t o  generate two curves for 

238pU02 encapsulated i n  T-111: 
t o  rupture  versus the allowable stress r a t e ,  as shown i n  Figs. 3.1 and 

3.2, respect ively.  

however, if fu ture  da ta  prove T-222 t o  be t h e  superior  a l loy ,  t h i s  ma- 

t e r i a l  can be subs t i tu ted  i n  fu tu re  designs.  

t i a l  capsule mater ia l  temperature, To, of 2000°F and r e f l e c t  a cont inua l ly  

decreasing temperature due t o  decay of t he  238Pu f u e l .  

t h e  time t o  reach 1% creep and t h e  time - 

Only T-111 data were used f o r  determining these  curves; 

Both curves u t i l i z e  an i n i -  

A s  shown i n  Fig.  3.1, the  allowable s t r e s s  r a t e  f o r  a time t o  1% 

creep of 5 years i s  0.14 psi /hr  (represented by t h e  dot  on t h e  curve).  

To obtain the  bes t  capsule design within t h i s  allowable s t r e s s  r a t e ,  a 
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computer program was developed t o  vary t h e  capsule ins ide  diameter and 

t h e  allowable pressure r a t e  (and thus change t h e  w a l l  th ickness)  t o  give 

t h e  combination of var iables  t h a t  would r e s u l t  i n  t h e  minimum t o t a l  volume 

of capsules and t h e  combination f o r  t h e  minimum t o t a l  weight of capsules 

for each pressure r a t e  considered. Figure 3.3 shows t h e  r e s u l t s  of t h i s  

analysis  and compares t h e  minimum weights and volumes required f o r  various 

r a t e s  of increase i n  i n t e r n a l  pressure.  These values a r e  based on t h e  

thicknesses of t h e  other capsule layers  remaining constant,  as previously 

described, and no values are included t h a t  give capsules whose surface 

temperature would exceed the  2000°F b u r i a l  l i m i t a t i o n .  

t i o n s  of the curves i n  t h e  f igure  show where capsule w a l l  thickness fails  

t o  meet specif icat ions (0.06 i n .  < T < 0.250 i n . )  by being too  t h i c k  f o r  

t h e  higher allowable pressure r a t e s  and too  t h i n  for  the  lower allowable 

pressure ra tes .  

The dotted por- 

The minimum-weight capsule design occurs a t  a pressure r a t e  s l i g h t l y  

under 0.01 psi/hr and requires only about 550 l b  f o r  capsules and f u e l .  
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The volume of  approximately 3300 in.3 required f o r  t h i s  design is ,  how- 

ever,  very high and would r e s u l t  in a l a r g e  and heavy system t h a t  would 

more than o f f s e t  t he  s l i g h t l y  lower t o t a l  weight f o r  t h e  fueled capsules.  

The bes t  design was determined t o  be t h e  one t h a t  required t h e  mini- 

mum volume. In t h i s  case t h e  minimum-volume design had a n  i n i t i a l  in- 

t e r n a l  pressure buildup r a t e  of 0.037 psi /hr  and required a t o t a l  weight 

of 698 l b  f o r  t h e  unshielded f u e l  and capsules. 

only about 25% higher than t h e  minimum-weight design, bu t  t h e  1660-in.3 

volume represents  a reduction of 50% i n  t o t a l  volume when compared with 

t h a t  of t he  minimum-weight capsule design. 

This t o t a l  weight i s  

The phase I1 238Pu capsule design developed i n  t h i s  study i s  shown 

i n  Fig.  2.2. The fue l ,  i n  microsphere form, i s  contained i n  t h e  tungsten 

holder,  which has an  annulus thickness o f  241 m i l s .  The T-111 primary 

capsule i s  175 m i l s  t h i ck  and has t h e  spec i f ied  length-to-diameter r a t i o  

of 4. 
fue l ,  w i l l  be needed t o  provide the required 24.5 kw(th) f o r  i n i t i a l  load- 

ing.  Table 3.2 l i s t s  the  capsule design c h a r a c t e r i s t i c s .  

With t h i s  design, 156 capsules, each containing 157 w of 238Fu 

Table 3.2. Phase I1 238Fu02 Capsule Design 

Capsule layer  thicknesses, i n .  

Tungsten inner fue l  annulus l i n e r  
2 3 8 ~ ~ ; !  f u e l  
Tungsten outer f u e l  annulus l i n e r  
T - 1 1 1  primary containment w a l l  
Tho;! d i f fus ion  ba r r i e r  
Helium-filled gas gap 
Platinum corrosion b a r r i e r  
Iron t i t a n a t e  coating 
Tungsten f u e l  spacer 

Capsule dimensions, in .  

Inside diameter 
Outside diameter 
Fueled length  
Overall length 

Data f o r  156 capsules 

Volume, in .3  
Weight, l b  
Thermal power, kw 

0.020 
0.241 
0.020 
0.175 
0.010 
0.002 
0.020 
0.002 
0.020 

1.124 
1.542 
4.132 
5.968 

1660 
69 8 
24.5 
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3.2.3. Thermal P r o f i l e  of Phase I1 Capsule Design 

Under normal conditions,  t h e  capsule reaches i t s  highest  temperature 

immediately a f t e r  t h e  primary capsule container  i s  welded. This weld 

w i l l  be produced by a remotely operated electron-beam welder under vacuum 

and, a f t e r  f i n a l  c losure of t h e  primary capsule, t he  void volumes i n  t h e  

capsule and t h e  f u e l  w i l l  be under a t o  t o r r  vacuum. This con- 

d i t i o n  i s  expected t o  r e s u l t  i n  a n  i n t e r n a l  heat  problem f o r  about two 

weeks u n t i l  the  decay of t he  f u e l  has generated enough helium t o  reach 

one atmosphere. 

be experienced while the  ins ide  of t h e  capsule i s  i n  a vacuum and t h e  

capsules are within t h e  c e l l  bank, an ana lys i s  w a s  made f o r  t h r e e  pro- 

gress ive  cases: (1) f u e l  with bare  primary capsule as outer  covering, 

( 2 )  case 1 with a Tho2 coating applied,  and (3)  case 2 encapsulated i n  

platinum with a n  i ron  t i t a n a t e  coating applied.  

To determine t h e  m a x i m u m  i n t e r n a l  temperature t h a t  w i l l  

The most severe case w a s  t h e  f u e l  i n  t h e  uncoated primary capsules 

because t h e  unclad capsule has t h e  lowest emiss iv i ty  value.  I n  t h i s  

case the  maximum i n t e r n a l  temperature of a capsule i s  approximately 2835°F 

and t h e  surface temperature i s  about 1700°F i n  an argon atmosphere. These 

temperatures a r e  well  below t h e  melting point  of  t h e  f u e l  and capsule 

mater ia l s .  During some of t h e  capsule assembly operations,  cooling blocks 

can be u t i l i zed  t o  lower t h e  temperatures; however, i n e r t  atmosphere c e l l s  

w i l l  be required when handling t h e  unclad fueled primary capsules t o  in-  

sure  t h a t  the s t r u c t u r a l  p roper t ies  of  t h e  T-111 a l l o y  a r e  not a l t e r ed  

by oxygen pickup. 

During normal operation i n  t h e  Brayton-cycle system, t h e  m a x i m u m  

surface temperature is  l imi ted  t o  2000"F, but  helium w i l l  occupy t h e  void 

volumes i n  the capsule and t h i s  w i l l  r e s u l t  i n  a much lower temperature 

drop across the  f u e l  l aye r .  

phase I1 capsule design with a surface temperature of 2000°F. 

of t h e  r e l a t i v e l y  l a rge  surface areas  and t h e  low t o t a l  heat  output per 

capsule (157 w ) ,  t he  temperature drop across each of t h e  pro tec t ive  layers  

i s  very s m a l l ,  except fo r  t h e  drop across t h e  f u e l  i t s e l f ,  which i s  75°F. 

The maximum temperature i n  t h e  f u e l  i s  not expected t o  exceed 2090.5"F, 

and t h e  calculated average helium temperature i s  2053°F. 

Figure 3.4 shows a thermal p r o f i l e  of t h e  

Because 
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3.2.4. Phase I1 Capsule Life  Under Long-Term S t r e s s  

With a n  i n i t i a l  average helium temperature of 2053'F, t h e  long-term 

temperature-pressure h i s t o r y  of the capsule f o r  t e n  ha l f - l ives  i s  shown 

i n  Fig.  3.5. The void volume-to-fuel volume r a t i o  f o r  t h i s  capsule i s  

1.26, and t h e  maximum pressure i n  t h e  capsule (-14,500 p s i )  occurs a t  

about 130 years,  which i s  approximately 1.5 times t h e  f u e l  h a l f - l i f e .  

This pressure condition could occur only i n  t h e  event of an accident o r  

an abort  t h a t  resu l ted  i n  b u r i a l  of  a capsule i n  loose dry sand. 

capsule were l o s t  and remained on t h e  surface of t h e  ground, t h e  capsule 

i n i t i a l  surface temperature would b e  only approximately 1150'F, and t h e  

maximum pressure would not exceed 11,000 p s i .  

If a 

In  predict ing t h e  behavior of t h e  capsule over a long period of time 

under conditions of constant ly  changing s t r e s s  and temperature, creep w a s  

assumed t o  be t h e  dominant mode of  f a i l u r e  u n t i l  t h e  capsule mater ia l  

reached a temperature t h a t  was approximately one-third i t s  absolute melt- 

ing temperature. 

with an i n i t i a l  temperature of 2000'F), t h i s  temperature point  occurs at 

In  t h e  present case (a T-111 capsule containing 238Pu 
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about 54 years. 

rupture  due t o  i n t e r n a l  pressure i s  based on i t s  t e n s i l e  s t rength .  

After  t h i s  time, t h e  a b i l i t y  of a capsule t o  withstand 

Figure 3 .2  (above) i s  a p l o t  of t h e  stress r a t e  for creep rupture  

versus t i m e  f o r  T-111 a l l o y  i n i t i a l l y  a t  2000°F and containing 238Pu f u e l .  

As shown on t h i s  f igure ,  t h e  minimum i n i t i a l  r a t e  of s t r e s s  increase t h a t  

w i l l  cause creep rupture  occurs at 54 years,  which i s  approximately t h e  

time t o  reach one-third t h e  absolute  melting point  f o r  t h e  T - 1 1 1  a l l o y  

(m.p., - 4 4 O O O F ) .  

s t r e s s  r a t e ,  0.14 psi /hr ,  which s a t i s f i e s  t h e  5-year 1% creep l imi t a t ion .  

Since t h e  0.14 psi /hr  design value i s  below t h e  minimum value for creep 

rupture,  the capsules a r e  expected t o  pass through t h e  e n t i r e  creep- 

temperature range without f a i l u r e .  

l e s s  than 5%. 

130 years (Fig. 3.5) and t h e  time between t h e  l i m i t a t i o n  for creep rupture  

( 5 4  yea r s )  and t h e  time t o  reach pe&k pressure (130 yea r s )  could be t h e  

l imi t ing  fac tor  on the  capsule design. 

The v e r t i c a l  dot ted l i n e  i n  t h e  f i g u r e  i s  t h e  i n i t i a l  

The t o t a l  creep i s  estimated t o  be 

The peak pressure i n  t h e  capsule does not occur f o r  about 

During these  76 years,  capsule 
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rupture  l i f e  i s  determined by t h e  e l a s t i c  l i m i t  of t h e  mater ia l ;  ul t imate  

t ens i l e - s t r eng th  data were used t o  evaluate  t h e  s t r u c t u r a l  i n t e g r i t y  of 

t h e  capsule. For a conservative estimate, t h e  peak pressure f o r  t h i s  

time period (14,500 p s i )  was coupled with t h e  highest  temperature occur- 

r i n g  during t h i s  time ( the  temperature a t  t h e  point  where creep ceases 

t o  be a dominant f a c t o r ) .  

a l l o y  a t  one-third t h e  melting point i s  85,000 ps i ,  and t h i s  s t r e s s  cor-  

responds t o  an i n t e r n a l  pressure o f  22,300 p s i a  i n  the  phase I1 capsule. 

A s  noted previously, t h e  m a x i m u m  i n t e r n a l  pressure experienced by t h e  

phase I1 capsule i s  only 14,500 psia, corresponding t o  a hoop s t r e s s  of 

55,250 p s i .  

s t r eng th  ind ica t e  t h a t  at t h e  lower temperatures t h e  y i e ld  s t rength  i s  

very  near ly  t h e  same as  t h e  ult imate s t rength,  and therefore  s ign i f i can t  

y ie ld ing  i s  not expected. 

The ult imate s t rength  for r ec rys t a l l i zed  T-111 

The data shown l a t e r  i n  Table 3.7 f o r  y i e l d  and ul t imate  

It w a s  recognized during phase I work t h a t  t he  calculated s t r e s s -  

rate curves might be conservative because they a r e  based on t h e  assump- 

t i o n  t h a t  t h e  ra te -of -s t ress  increase with time i s  constant .  Since i n  

an ac tua l  capsule the  ra te -of -s t ress  increase w i l l  decrease with time 

because t h e  amount of radioact ive f u e l  i s  decreasing, t h e  ac tua l  close- 

ness of t he  5-year 1% creep l i n e  t o  t h e  creep-rupture l i n e  (shown i n  Fig.  

3 .2)  i s  probably conservative. An improved method of capsule ana lys i s  

t h a t  i s  more exact and rigorous was developed l a t e  i n  phase I1 and w a s  

used t o  check t h e  r e s u l t s  of t h e  previous ca lcu la t ions  ( see  Sect .  3 . 4 ) .  

This improved method confirmed t h a t  t h e  ana lys i s  i s  conservative,  espe- 

c i a l l y  i n  t h e  time t o  1% creep. 

3.2.5.  Impact Analysis 

The preceding ana lys i s  of the long-term containment i n t e g r i t y  of t h e  

f u e l  capsules i s  based on a r igh t -c i rcu lar -cy l inder  capsule with e l l i p -  

so ida l  end caps. If t h e  capsules are s i g n i f i c a n t l y  deformed upon impact, 

t h e  s t r e s s e s  r e su l t i ng  from t h e  i n t e r n a l  pressure may be much l a r g e r  

than those calculated f o r  cy l indr ica l  geometry, and the capsule may 

fa i l .  Therefore, t h e  design for long-term containment must be adequate 

t o  prevent s ign i f i can t  d i s t o r t i o n  of t h e  capsules i n  t h e  event of random 
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r een t ry  o f t h e  heat source from space and impact on a hard surface (e.g. ,  

rock) .  

Sandia Corporation has been engaged i n  impacting capsules of various 

s i zes  and shapes a t  d i f f e r e n t  v e l o c i t i e s  as p a r t  of SNAP-system s a f e t y  

evaluat ion a c t i v i t i e s  f o r  t h e  USAEC. 

understanding of how high-velocity impact forces  a r e  d i s t r ibu ted  and ab- 

sorbed. A t  t h e  present time, however, t he re  i s  no rigorous a n a l y t i c a l  

technique fo r  ca lcu la t ing  t h e  r e s u l t s  of a high-velocity impact on t h e  

shape of a capsule, and each design must be v e r i f i e d  by experiment. 

force  calculat ions combined with t h e  y ie ld-s t rength  proper t ies  of mater ia l s  

can serve t o  ind ica te  whether a capsule has a reasonable chance of sur- 

viving a specif ied impact, and t h i s  type of ca lcu la t ion  w a s  used t o  check'' 

t h e  phase I1 capsule design. 

This work i s  providing a b e t t e r  

Total  

For the ca lcu la t ion  model a 1500-lb blunted-cone body impacting a t  

a terminal ve loc i ty  of 300 fps  and coming t o  r e s t  i n  a dis tance of 1 f t  

w a s  assumed. 

model a r e  somewhat more s t r ingen t  than t h e  design f i n a l l y  a r r ived  at i n  

t h e  phase I1 work - an impact ve loc i ty  of approximately 260 fps  and a 

r een t ry  body weight of 1300 l b . )  It w a s  assumed t h a t  t h e  1-ft  stopping 

d is tance  was all taken up by deformation of t h e  cone r a the r  than by de- 

formation of t h e  ground. Under these  conditions,  t he  t o t a l  impact force  

w a s  calculated t o  be 4.2 X lo6 l b ,  of which only 4.4 X lo5 l b  w a s  absorbed 

by crushing t h e  blunted cone back a dis tance of 1 f t .  

3.76 X lo6 l b  was assumed t o  be t ransmit ted through t h e  r een t ry  body s t ruc-  

t u r e  t o  the  f u e l  p l a t e  and i n t o  t h e  capsules.  If t h e  force  i s  d i s t r ib-  

uted evenly i n  the  156 capsules, each capsule must absorb approximately 

24,000 l b  by permanent and/or e l a s t i c  deformation. 

t h e  capsules a re  at  2000°F a t  impact, t h e  y i e l d  s t rength  of T-111 a l l o y  

i s  40,000 psi .  

force  applied along t h e  s ide  i s  required t o  equal t h e  40,000-psi y i e ld  

s t r e s s  of T-111 a l l o y .  

a l l o y  should occur i f  the  impact forces  a r e  applied perpendicular t o  t h e  

longi tudinal  axis of t h e  capsule. If t h e  impact force  i s  applied on t h e  

ends of t h e  capsule, t he  end caps may be deformed t o  form a f la t  spot 

0.5 in .  i n  diameter. 

(It should be noted t h a t  t h e  conditions assumed f o r  t h e  

The remaining 

If it i s  assumed t h a t  

For t h e  phase I1 capsule design (Fig. 2.2), 70,000 l b  of 

Therefore no permanent deformation of t he  T-111 
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This evaluation of t h e  impact behavior of t h e  f u e l  capsules i n  t h e  

r e e n t r y  body assembly i s  conservative from t h e  standpoint t h a t  no c r e d i t  

i s  taken f o r  energy absorption i n  the  ground, by rebound, by deformation 

of t h e  h e l - p l a t e  support s t ru t s ,  md by deformation of t h e  f u e l  p l a t e  

and tube holders.  While it i s  recognized t h a t  i n  an ac tua l  impact, shock 

waves may t r a v e l  throughout t h e  s t ruc tu re  and produce higher-than-average 

s t r e s s e s  i n  some p a r t s  of t h e  assembly, t h e  r e s u l t s  of t h e  t o t a l  force  

evaluation ind ica te  t h a t  i s  i s  not unreasonable, f o r  t h e  purpose of a 

preliminary design, t o  expect t h a t  t h e  phase I1 capsules can survive the  

impact conditions 

formation. 

3.3. 

Six  spec i f i c  

postulated f o r  the heat  source without s ign i f i can t  de- 

Effect  of S t ra in  and Temperature C r i t e r i a  

concepts were studied i n  phase I1 t o  determine t h e  ef-  

f e c t s  t h a t  varying t h e  design c r i t e r i a  would have on capsule weight and 

volume requirements. 

Concept 1 w a s  based on an allowable s t r e s s  r a t e  t h a t  r e s u l t s  i n  a 

t o t a l  of 1% creep during t h e  time t h e  capsule i s  i n  t h e  creep temperature 

range (54 years ) .  

respec t  t o  b t h  t h e  d t i m a t e  t e n s i l e  s t rength  and t h e  creep s t rength  of 

t h e  capsule f o r  t h e  875-year containment period. The equilibrium surface 

This r e s u l t s  i n  a minimum sa fe ty  f ac to r  of 3.5 with 

temperature of a s ingle  capsule buried i n  

2000°F. 

Concept 2 w a s  based on providing f o r  

with respect  t o  the  ultimate s t rength and 

f o r  ten  h a l f - l i f e  containment. No b u r i a l  

posed on t h e  capsule design. 

Concept 3 w a s  i d e n t i c a l  t o  concept 2 

dry sand w a s  not t o  exceed 

a s a f e t y  f ac to r  of about 1 .5  

creep s t rength  of t h e  capsule 

or creep l imi t a t ions  were i m -  

expect t h a t  a 2000°F b u r i a l  

temperature l imi t a t ion  w a s  imposed f o r  s ing le  capsule b u r i a l .  

Concept 4 w a s  based on t h e  l imi t a t ion  of 1% creep i n  5 years.  There 

w a s  no b u r i a l  temperature l imi t a t ion  on capsule design. 

Concept 5 was i d e n t i c a l  t o  concept 4 except t ha t  a 2000°F b u r i a l  tem- 

perature  l imi t a t ion  w a s  imposed f o r  s ing le  capsule b u r i a l  (phase I1 design) 
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Concept 6 w a s  based on 

were provided f o r  s t r e s s  or 
center- l ine temperature w a s  

t h e  use of a vented capsule.  No allowances 

b u r i a l  temperature l imi t a t ions .  The f u e l  

t h e  main determining f ac to r  f o r  number of 

capsules required i n  the  heat source. 

r e t i c a l  density was  assumed. 

A packing f r a c t i o n  of 80% of theo- 

To determine t h e  bes t  capsule design t o  s a t i s f y  t h e  allowable s t r e s s  

c r i t e r i a  for  each concept, ca lcu la t ions  were made by computer ana lys i s .  

The e f f ec t s  of varying f u e l  loading, capsule diameter, primary capsule 

w a l l  thickness,  and void volume-to-fuel volume r a t i o  were determined by 

varying the capsule ins ide  diameter and allowable pressure r a t e  b u t  keep- 

ing t h e  allowable s t r e s s  constant.  In  each case, t h e  combination of 

var iab les  t h a t  gave t h e  minimum t o t a l  volume of capsules w a s  se lec ted  as 

t h e  bes t  design, s ince  t h e  phase I work had shown t h a t  t h i s  would give 

the  minimum system reen t ry  body diameter and t h e  lowest t o t a l  system 

weight. 

The r e su l t s  of these  ca lcu la t ions  f o r  each concept a r e  given i n  

Table 3.3. A s  indicated,  t h e  required weights and volumes increased as 

t h e  s a f e t y  f ac to r  f o r  long-term containment increased. Concepts 4 and 5 

have only a 5-year 1% creep s t r e s s  c r i t e r i o n ;  however, as noted i n  Sec- 

t i o n  3.2.4, t h i s  a l s o  r e s u l t s  i n  a capsule design for a 2000°F s t a r t - o f -  

l i f e  temperature i n  which the  m a x i m u m  i n t e r n a l  pressure ever experienced 

by the  capsule does not r e s u l t  i n  a s t r e s s  t h a t  exceeds t h e  u l t imate  

s t rength  of t h e  T-111 a l loy .  Concepts 2 and 3 have a minimum s a f e t y  

f ac to r  of 1.5 f o r  ten  ha l f - l i ves  containment, and concept 1 has a s a f e t y  

f ac to r  of 3.5. 

on a s ingle  capsule i s  shown t o  r e s u l t  i n  a very small increase i n  t o t a l  

weights and volumes required (comparison of concepts 2 and 3, 4 and 5 ) ;  
however, the maximum allowable s i z e  of an ind iv idua l  capsule i s  g r e a t l y  

reduced, and t h i s  r e s u l t s  i n  an appreciable increase i n  t h e  number of 

capsules required. 

Imposition of t h e  2000°F b u r i a l  temperature l i m i t a t i o n  

3.4. A General Method for Design and Analysis of 
Alpha-Bnitting Radioisotope Fuel Capsules 

I n  capsules containing alpha-emitting radioisotopes for use i n  space 

power packages, it i s  des i rab le  t o  provide m a x i m u m  power per unit of 
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weight, volume, or projected a rea  within t h e  cons t r a in t s  imposed by t h e  

need t o  maintain capsule i n t e g r i t y  during normal operation and i n  t h e  

event of accidental  conditions.  Because of t he  continuous generation of 

helium gas, together  with decay o f  t h e  thermal power, these  capsules a r e  

characterized by time-dependent s t r e s s  and temperature. Because of very 

high i n i t i a l  temperatures, creep i s  an important considerat ion i n  t h e  

design. 

The general approach t o  capsule design i n  t h i s  study has been toward 

t h e  fuel  capsules t h a t  remain i n t a c t  f o r  a period equal t o  t e n  or more 

ha l f - l i ves ,  

t h a t  a capsule maintain i t s  s t r u c t u r a l  i n t e g r i t y  i n  t h e  event that, a f t e r  

reentry,  it becomes separated from t h e  reent ry  body, i s  buried i n  ear th ,  

and i s  never found. 

requi res  t h a t  res i s tance  t o  creep be provided for a time t h a t  exceeds t h e  

p r a c t i c a l  duration of creep experiments. If t h e  capsule has an i n i t i a l  

operating temperature of  2000°F and t h e  temperature d i f fe rence  decays i n  

t r a n s i e n t  equilibrium with t h e  thermal power, creep i s  an important con- 

s ide ra t ion  f o r  a period of about 54 years u n t i l  t h e  temperature decreases 

below one-third t h e  absolute melting temperature. 

A l imi t ing  design condition w a s  a l s o  imposed which requi res  

When t h i s  condition i s  applied t o  238Pu fue l ,  it 

I n  phase I studies '  an approximate method was developed f o r  analyzing 

t h e  long-term creep problem and designing a capsule f o r  m a x i m u m  power per 

unit of weight or volume. In  t h i s  method, a function r e l a t i n g  creep l i f e  

t o  s t r e s s  and temperature w a s  determined by making a polynomial f i t  of 

creep da ta  with t h e  Larson-Miller parameter. The allowable s t r e s s  r a t e  

t o  avoid f a i l u r e  a t  each time-temperature point  i n  t h e  h i s t o r y  of t h e  

capsule was then calculated by a graphical  and incremental process in-  

volving a simple formula t h a t  may be derived by assuming l i n e a r  accumu- 

l a t i o n  of p m t i a l  creep l i v e s .  Capsules were then designed which had t h e  

property tha t  t h e i r  maximum ( i n i t i a l )  s t r e s s  r a t e  w a s  equal t o  t h e  mini- 
mum s t r e s s  r a t e  t h a t  would avoid f a i l u r e  at  a n y t i m e  i n  t h e  l i f e  of t h e  

capsule. Capsules with m a x i m u m  power per u n i t  of weight or volume were 

chosen by a graphical  and parametric ana lys i s  of t h e  acceptable capsules.  

This method w a s  a l s o  used t o  s e l e c t  a reference capsule for t h e  phase I1 

2 3  8Pu02 heat- source system. 
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Concurrent with the  phase I1 design study, an improved method w a s  

developed f o r  ana lys i s  of creep l i f e  and optimization of f u e l  capsules.  

I n  t h i s  method, creep l i f e  i s  calculated by solving an i n t e g r a l  equation 

t h a t  can, t heo re t i ca l ly ,  accommodate a p rec i se  descr ip t ion  of s t r e s s  and 

temperature as a function of t i m e .  

creep problem permits an ana ly t i ca l  capsule optimization procedure i n  

which Lagrange mul t ip l ie rs  are used. 

funct ion generated by f i t t i n g  both ul t imate  s t rength  and creep data i s  

used t h a t  i s  appl icable  over a wider domain and i s  more amenable t o  ex- 

t r apo la t ion  than t h e  previous polynomial f i t  of creep data. 

This a n a l y t i c a l  formulation of the 

A phenomenological c r eep - l i f e  

The following sect ions cover t h e  development of t h e  new creep model, 

elements of a computer program (CAPSIX) f o r  ca lcu la t ing  optimum capsule 

dimensions, an ana lys i s  of creep data t h a t  pe r t a in  t o  t h e  phase I1 design, 

and a reanalysis  of t h e  optimum design and predicted l i f e t imes  of 238Pu02 

capsules.  A report  by Nichols and Winkler’l gives a more complete sub- 

s t a n t i a t i o n  of t he  new method of creep ana lys i s  and d e t a i l s  of t h e  com- 

put er program. 

3.4.1. Mathematical Model 

A phenomenological model of creep w a s  developed with t h e  use of a 

comon theory,12 f o r  which it i s  assumed tha t  t h e  f r a c t i o n a l  creep l i f e  

f o r  a given s t r e s s  and temperature i s  independent of o ther  f r ac t ions  of 

l i f e  under d i f f e ren t  conditions and t h a t  these  f r a c t i o n s  may be accumu- 

l a t e d  l i n e a r l y .  Stated mathematically, 

where 

e[o,T] = l i f e  t o  a prescribed s t r a i n  or rupture  f o r  given s t r e s s ,  
u, and temperature, T, 

t = time s ince  appl icat ion of load, 

u = r e su l t an t  l i f e  t o  prescribed s t r a i n  or rupture  f o r  time- 
varying s t r e s s  and temperature. 
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Equation (1) requires  knowledge of t h e  creep l i f e  as a funct ion of s t r e s s  

and temperature. 

metals t h e  creep l i f e  a t  a given stress i s  r e l a t e d  t o  t h e  absolu te  tem- 

pera ture  by an equation that  may be derived from t h e  Arrhenius r a t e  l a w :  

Larson and Miller13 have shown t h a t  f o r  a va r i e ty  of 

T log KB = constant , 

where t h e  constant i s  t h e  Larson-Miller parameter. 

A s  t h e  temperature increases  and therefore  t h e  s t r e s s  for a given 

f i n i t e  l i f e  decreases, t h e  creep s t r a i n  becomes a progressively l a r g e r  

f r a c t i o n  of t h e  t o t a l  s t r a i n ,  and t h e  f r a c t i o n a l  s t r a i n  from e l a s t i c  and 

"instantaneous" p l a s t i c  flow becomes progressively more negl ig ib le .  

high temperatures t h e  logarithm of the  appl ied s t r e s s  f o r  many mate- 

r i a l ~ ~ ~ ~ ~ ~  i s  a l i n e a r  function of t h e  Larson-Miller parameter. 

assumed tha t  t h e  creep component of s t r e s s ,  

temperatures; that is, 

A t  

It w a s  

Uc, has t h i s  form for a l l  

0 

a 
C log - = dl? log KB . 

A t  temperatures below about one-third t h e  absolute  melting tempera- 

t u re ,  t h e  applied s t r e s s  general ly  becomes more near ly  constant i n  t h e  

Larson-Miller parameter because of t h e  increasing importance of e l a s t i c  

and instantaneous p l a s t i c  s t r a i n .  This behavior, as w e l l  as t h e  behavior 

a t  high temperatures, i s  accommodated by a r e su l t an t  s t r e s s  funct ion of 

t he  following form: 

1 1 1  
- = - -  
(5 UT UT ' 

u c  

where 

u =  r e su l t an t  nominal un iax ia l  s t r e s s ,  

ul t imate  s t rength  a t  room temperature, 

constants  t o  be determined by a least-squares  f i t  of 
Eq. ( 3 )  by using a known value of uU and an experi-  
mentally determined s e t  { u, T, e ) .  
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A general  equation f o r  creep l i f e  f o r  time-dependent stress and tem- 

pera ture  i s  obtained by subs t i tu t ing  Eqs. ( 2 )  and ( 3 )  i n t o  Eq. (1) and 

making provisions for individual  safety f a c t o r s  on ul t imate  s t rength,  

and creep s t rength,  S : 
sUJ C 

1 l Y a  (t 1 
Y Y  Y 

l = K J @ \  s c u  u u ( t )  1 d t .  
0 aY[J-. - su u ( t > l  

(4) 

I n  pr inc ip le ,  t h e  i n t e g r a l  i n  Eq. ( 4 )  can be evaluated numerically 

f o r  any time behavior of s t r e s s  and temperature. For radioisotope f u e l  

capsules,  the  i n t e g r a l  w a s  chosen t o  neglect  t h e  e f f e c t  of s t r a i n  on t h e  

volume of t h e  capsule and end ef fec ts ,  s ince  t h e  capsules w i l l  have a 

length-to-diameter r a t i o  g r e a t e r t h a n  2. The stress i s  considered t o  be 

t h e  maximum nominal t e n s i l e  s t r e s s  ( t h e  circumferent ia l  s t r e s s  a t  t h e  

inne r  w a l l  of t h e  capsule) :  

where 

P = pressure i n  the  c a p s d e ,  

E = weld eff ic iency,  

r 4  = outer  radius  of primary container,  

r 3  = inner radius  of primary container,  

p = a mul t ip l i e r  equal t o  one f o r  maximum t e n s i l e  s t r e s s  and zero 
f o r  maximum shear  stress. 

The time-dependent pressure is  ca lcu la ted  f r o m t h e  i d e a l  gas l a w  

s ince  t h e  helium gas i s  wel l  above t h e  c r i t i c a l  point .  The volume of gas 

i s  t h e  void volume a t  the  center  of t h e  capsule plus  any add i t iona l  void 

i n  the f u e l  region. 

those formed by decay of t h e  radioisotope. Temperatures a r e  ca lcu la ted  

by assuming tha t  t h e  heat  f l u x  i s  i n  t r ans i en t  equilibrium with the  

power i n  capsules containing long-lived radioisotopes.  

The moles of gas a r e  those present i n i t i a l l y  plus  



36 

Equation ( 4 )  reduces t o  one previously derived by Kennedy1* under 

conditions of high constant temperature and constant s t r e s s  rate, 6. 
Kennedy, and l a t e r  M c C O ~ , ' ~ , ' ~  ve r i f i ed  t h a t  t h i s  equation i s  va l id  f o r  

severa l  materials ( including types 304 and 309 s t a i n l e s s  s t e e l s ,  T - 1 1 1  

and T-222 alloys, and Cb-1% Zr a l l o y )  by comparing creep-rupture l i v e s  

obtained at high constant temperatures and constant s t r e s s  with those 

obtained a t  the  same temperature but  constant s t r e s s  rate. These data 

serve, ind i rec t ly ,  t o  va l ida t e  t h e  use of Eqs. (1) and ( 2 ) .  

The  adequacy of t he  model can be t e s t e d  f o r  o the r  mater ia l s  and a t  

lower temperatures by performing experiments i n  which s t r e s s  and tempera- 

t u r e  are known funct ions of time and evaluating t h e  i n t e g r a l  i n  Eq. ( 4 )  
e i t h e r  ana ly t i ca l ly  or numerically. 

3.4 .2 .  Computer Program 

CAPSUL i s  a Fortran program f o r  the IBM 360/75 computer f o r  calcu- 

l a t i n g  optimum dimensions of alpha-emitting radioisotope f u e l  capsules 

exposed t o  varying s t r e s s  and temperature. The capsules (Fig.  3 . 6 )  a r e  

r i g h t  cyl inders  with multi layered w a l l s  and e l l i p t i c a l  end caps. Inde- 

pendent variables are ROY t he  in s ide  radius  of t h e  capsule; X ( 2 ) ,  t h e  

thickness  of t h e  f u e l  layer ;  and X ( 4 ) ,  t h e  thickness  of t h e  primary con- 

t a i n e r  w a l l .  

The  program has f i v e  main rout ines .  LSTSQ determines constants  i n  

an equation f o r  rupture l i f e  ( o r  l i f e  t o  a prescribed s t r a i n )  as a func- 

t i o n  of s t r e s s  and temperature by a least-squares  f i t  of creep and u l -  

t imate  s t rength da ta .  

mally bypassed f o r  ca lcu la t ions  with t h e  same mater ia l  and design l i f e  

c r i t e r i a .  

t i o n  t o  f i n d  a m a x i m u m  of one of t h ree  thermal power funct ions (thermal 

power p e r  uni t  projected a rea  of a f l a t  a r r a y  of capsules, per  unit 

volume of a rectangular para l le lep iped  t h a t  encloses a capsule and i t s  

a u x i l i a r y  s t ruc tu ra l  material, or per  u n i t  weight of capsule)  subject  

t o  a t ime-integrated stress-temperature cons t r a in t  t h a t  i s  d i c t a t e d  by 

a prescribed rupture or s t r a i n  l i f e .  A subroutine, RZERO, ca l cu la t e s  

t h e  allowable ins ide  radius  as a funct ion of thermal power i f  it i s  

Once t h e  constants  a r e  determined, LSTSQ i s  nor- 

The rout ine MAX uses a numerical Lagrange m u l t i p l i e r  formula- 
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ORNL DWG. 66-8409R2 

Fig. 3.6. Fuel Capsule Reference Design f o r  CAPSUL Program Calcu- 
la t  ions.  

required t h a t  t h e  capsule surface temperature not exceed a given value 

i f  t h e  capsule i s  buried i n  an i n f i n i t e  medium of ear th .  

LIMIT examines t h e  dimensions of t he  optimized capsules f o r  adherence t o  

l i m i t s  d i c t a t ed  by engineering considerations.  If the  w a l l  thickness or 

radius  of t h e  capsule i s  too  small or too  la rge ,  t h e  appropriate  dimen- 

s ion i s  f ixed  a t  i t s  nearest  l i m i t ,  and MAX or t h e  rout ine  DF i s  used t o  

determine t h e  maximum power function i n  t h e  remaining va r i ab le ( s )  . 
rout ine  DF ca lcu la tes  a s ingle  remaining var iable  t o  s a t i s f y  the  s t r e s s -  

temperature cons t ra in t .  

or l i f e  t o  a prescribed s t r a i n  of a capsule with spec i f ied  dimensions 

and i s  used t o  determine t h e  l i f e  of capsules t h a t  have been optimized 

on t h e  b a s i s  of another c r i t e r i o n .  The rout ine THETA a l s o  ca l cu la t e s  

s a fe ty  f ac to r s  f o r  a f ixed  value of l i f e .  

The rout ine 

The 

The routine THETA ca l cu la t e s  t h e  rupture  l i f e  
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3.4.3. Analysis of Creep Data f o r  T-111 and T-222 Alloys 

Creep data f o r  t h e  a l l o y s  T-111 and T-222 (Tables 3.4 through 3 .7)  

B e s t  f i t s  of were f i t t e d  by least squares with t h e  new CAPSUL program. 

t h e  per t inent  creep data f o r  these  a l loys  a r e  shown i n  Figs .  3.7 and 3.8. 
The master Larson-Miller funct ions f o r  1% s t r a i n  i n  T-111 and T-222 a l loys  

r ec rys t a l l i zed  for 1 hr at  3000°F have g rea t e r  slope and smaller Larson- 

Miller constants than t h e  function f o r  1% s t r a i n  i n  T-111 a l l o y  stress 

Table 3.4. Creep Data" and F i t t e d  Constants f o r  
Alloy T-111  ( T a d %  W-2% H f )  

Time t o  Creep Cr i t e r ion  ( h r )  and 
Temperature S t r  e s s Values of F i t t e d  Constants 

(OR) ( P s i  1 
1% St ra in  Rupture 

2660 35,000 
30,000 
25,000 
22,500 

17,500 
15,000 

3060 18,000 
15,000 
12,500 
12,500 

7,500 

3460 13,900 
10,000 

7,000 
4,500 
3,500 

20,000 

10,000 

Fi t t ed  constants 

a 
K 
m 
Y 

0.54 8.6 
0.98 23.7 
2.4 65.6 
3 .2  101.5 
8.4 485 .O 
9.8  975.1 
16.0 1737.3 

5.45 
0.35 19.2 
2.0 25.1 
2.7 27.2 
17.2 168.5 
30.5 

0.024 0.62 
0.25 2.90 
1.52 22.6 
1.0 177 .O 
10.6 493.2 

145,000 150,000 
8,091,800 8,449,500 
1.3379 X 1013 6.6296 X 
0.000067844 
1.0 1.0 

0.000062914 

~~ ~~ 

%laterial s t r e s s  re l ieved  f o r  1 hr a t  2000°F (Ref. 
18). 
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Table 3.5. Creep Data" and F i t t e d  Constants for 
Alloy T-222 (Ta-9.5% W-2.5% Hf ) 

Time t o  Creep Cr i t e r ion  ( h r )  and 
Temperature S t r e s s  Values of F i t t e d  Constants 

( P s i  1 
1% S t r a i n  Rupture 

(OR) 

2460 

2660 

2260 70,000 
60,000 
50,000 
50,000 
42,000 
35,000 
30,000 
28,000 
30,000 
25,000 

17,500 
3060 11,300 

6,500 
4,500 

20,000 

3460 10,000 

Fi t t ed  constants 

OU a 
K 
m 
Y 

12.5 
21.8 
93 .o 
1.7 
9.2 
9.5 
29 .O 
30.0 

1.6 
5 .O 
7.5 
12 .o 
1.7 
0.62 
1.3 
8.0 

130,000 
1.236 X lo7 
1.917 X 1013 
7.107 X 
2.0 

42.5 
83.05 
561.4 
17.7 
102.4 
187.6 
1052.5 
780.5 
35.05 
161.2 
541.2 
1443.0 
69 .O 
3.9 
30.1 
142.7 

130,000 

4.763 X lo1* 
6.503 X 
2.0 

9.535 x l o6  

~ ~~ 

% a t e r i a l  annealed 2 hr at 2400°F (Ref. 18). 

re l ieved  f o r  1 h r  a t  2000°F. 

ence i n  heat treatment, but  it i s  more l i k e l y  t h a t  t h e  funct ions for 
r ec rys t a l l i zed  mater ia l  a r e  d i s t o r t e d  because the re  are r e l a t i v e l y  f e w  

da t a  points i n  a narrow s t r e s s  range. 

This d i f fe rence  may be due t o  t h e  d i f f e r -  

The e f fec ts  of s t r e s s  on t h e  1% s t r a i n  l i f e  a t  constant temperatures 

of 2000 and 2200°F as predicted by the  "bes t - f i t "  funct ions f o r  T-111 

a l l o y  s t r e s s  re l ieved at  2000°F, T - 1 1 1  a l l o y  r ec rys t a l l i zed  at  3000°F, 

and T-222 al loy r ec rys t a l l i zed  a t  3000°F a r e  shown on Fig.  3.9. Also 



Table 3.6. Creep Data and F i t t e d  Constants 
f o r  Alloys T-111 and T-222 

Time t o  Creep Cr i te r ion  (h r )  and 
Values of F i t t e d  Constants Temperature S t r e s s  

( O R )  (Ps i  1 T- 111, a T-222," T- 222 , 
1% Stra in  1% S t r a i n  Rupture 

2460 20 , 000 

2580 12 , 000 

2516 19,200 

2660 12,000 
12,000 

8,000 

2860 

2960 

40 , 000 
35,000 
32,500 
15  , 000 
14,740 
14, 500 
12,680 

12,700 
11 , 570 
9 , 190 
8,300 

10,000 

3460 20,000 
15,000 

F i t t e d  constants 

UU 
a 
K 
rn 
Y 

670 

9 25 

3300 

1140 

2000 

180 
42 

119 
300 

26 

93 
117 

145,000 
2.059 X lo7 
3.3642 X lo9 
0.000096554 
1 .o 

600 
700 

2.15, 2.55 
12.3, 9.95 
15.6, 26.0 

109 

57 

0.26 
1.11 

110,000 110 , 000 
1.0035 X 1O1O 4.981 X lo7 
2.6779 X lo7 8.104 X 
0.00021536 0.00005246 
1.0 1 .o 

%ate r i a l s  r ec rys t a l l i zed  1 hr a t  3000°F (Refs. 19-21). 

'T-222 reduced 90% and r ec rys t a l l i zed  1 hr a t  3000°F (Ref. 22) .  
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Table 3.7. Yield and Ultimate-Strength Data for 
Alloys T-111 a d  T-222 

T-111" T-222b 

0.2% Yield Ultimate Time t o  Ultimate Time t o  
S t r e s s  S t ress  Rupture S t r e s s  Rupture 

Temper a t  w e  
( O R )  

( P s i )  ( P s i )  (hr  ) (Ps i  1 ( h r )  

460 
535 
860 
1260 
1660 
2060 
2460 
2660 
2860 
3160 
3260 
3460 
3960 

144,800 
121,600 
111,600 

67,500 
52,200 
38,600 
21,000 

14,100 
10,900 

150 , 000 
124 , 000 
114 , 800 

92,100 
67,100 
42,400 
25,000 

16,300 
11,300 

0.03 
0.013 
0.012 

0.027 
0.067 
0.093 
0.25 

0.17 
0.14 

115,000 4.1 

90,000 
85 , 000 
85,000 
85,000 
75,000 

59,000 

27 , 500 

4.1 
-0.1 
-0.1 
-0.1 
0.1 

0.1 

0.1 

_ _ ~ ~  ~~ ~ 

T-111 a l loy  cold ro l l ed  90% and s t r e s s  re l ieved  1 h r  a t  a 

2000°F; s t r a i n  r a t e  0.05 in./in./min (Ref. 17). 
bT-222 a l loy  reduced 90% and r ec rys t a l l i zed  1 hr  a t  3000°F 

(Refs. 22 and 23 ). 

data  points a r e  shown that were measured f o r  these  mater ia l s  a t  2200°F. 
The predicted propert ies  of t h e  r ec rys t a l l i zed  materials appear t o  have 

longer l i f e  t o  1% creep a t  high s t r e s s  values and shor te r  l i f e  t o  l$ 

creep a t  l o w  s t r e s s  values than t h e  s t ress - re l ieved  T - 1 1 1  a l loy .  

general  e f f ec t  of lower 1% s t r a i n  l i f e  f o r  t h e  r ec rys t a l l i zed  materials 

a t  low stress values i s  not unexpected, s ince r e c r y s t a l l i z a t i o n  i s  known 

t o  cause grea te r  d u c t i l i t y  and lower yield s t r eng th  but s i g n i f i c a n t l y  

g rea t e r  s t r a i n  at  rupture.  Most of t h e  e f fec t  shown, however, i s  be- 

l i eved  t o  be due t o  d i s t o r t i o n  induced by f e w  da ta  poin ts  i n  a narrow 

range. 

The 

It i s  observed that t h e  funct ion obtained f o r  the s t r e s s - r e l i eved  

T - 1 1 1  alloy, although based on short-term data ,  provides a f a i r l y  good 

f i t  of t h e  longer term da ta  at  2200°F f o r  t h e  r ec rys t a l l i zed  mater ia ls .  
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Fig. 3.9. E f fec t s  of Stress  on Time t o  l$ S t r a i n  as Predicted by 
Least-Squares F i t s  of Creep Data. 
shown f o r  comparison. 

Experimental data a t  2200°F a r e  

It i s  a l s o  observed that t h e  r ec rys t a l l i zed  and s t r e s s - r e l i eved  T-111 

functions pred ic t  t h e  same s t r e s s  (8300 p s i )  f o r  a 5-year l i f e  t o  1% 

s t r a i n  at 2000°F. 

The bes t  f i t  of t h e  1% s t r a i n  data f o r  s t r e s s - r e l i eved  T - 1 1 1  i s  shown 

again i n  F ig .  3.10, together  w i t h  t h e  1% s t r a i n  data f o r  r ec rys t a l l i zed  

T-111 and T-222 a l loys  p lo t t ed  by using t h e  same Larson-Miller constant .  

T h i s  p l o t  tends t o  ind ica t e  t h a t  t h e  r e c r y s t a l l i z e d  T-111 and T-222 a l loys  

have about 40% grea te r  creep s t rength than s t r e s s - r e l i eved  T - 1 1 1  a l loy .  
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LARSON-MILLER PARAMETER,T(13.126+ log 8 )  
00 

Fig. 3.10. Master Larson-Miller P lo t  f o r  1% S t r a i n  i n  T - 1 1 1  Alloy 
S t r e s s  Relieved 1 hr  a t  2000°F. Creep da ta  for T-111 and T-222 recrys-  
t a l l i z e d  1 h r  at 3000°F a r e  p lo t t ed  for t h e  same Larson-Miller constant 
for comparison. 

The best fit of t h e  rupture da ta  for s t ress - re l ieved  T-111 i s  shown 

i n  Fig.  3.11, together  with short-term creep data  f o r  T-222 (Table 3.6) 
and ult imate-strength da ta  for T-111 and T-222 (Table 3.7); a l l  data  a r e  
p lo t t ed  f o r  t h e  same Larson-Miller constant .  The ul t imate-s t rength da ta  

f i t  t h e  predicted function surpr i s ing ly  w e l l ,  s ince  ul t imate-s t rength 

tes ts  are made with a constant imposed s t r a i n  r a t e  r a t h e r  than t h e  
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Fig. 3.11. Master Larson-Miller P lo t  f o r  Rupture of T-111 Alloy 
S t r e s s  Relieved 1 h r  a t  2000°F. Tensi le  s t rength  da ta  f o r  T-111 and 
T-222 and creep data f o r  T-222 are  p lo t t ed  f o r  t h e  same Larson-Miller 
constant f o r  comparison. 

"natural"  r a t e  at constant s t r e s s .  The more d u c t i l e  r ec rys t a l l i zed  T-222 

appears s t ronger  i n  creep but has lower t e n s i l e  s t rength.  

Data corresponding t o  t h e  mechanical s t rength  proper t ies  of T-222 

annealed a t  2400°F (Table 3 .5 ,  Fig. 3.8) were used fo r  reevaluat ion of the  

phase I1 design. This material appears, on t h e  bas i s  of t h i s  cor re la t ion ,  

t o  be more creep r e s i s t a n t  than t h e  s t ress - re l ieved  T-111 and comparable 

i n  1% creep s t rength  t o  t h e  r ec rys t a l l i zed  T - 1 1 1  on which t h e  phase I1 
design w a s  based. Data f o r  both 1% s t r a i n  and rupture  a re  ava i lab le  and, 
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since t h e  data cover a s u f f i c i e n t l y  wide range of t h e  var iab les ,  a good 

f i t  of t h e  stress-temperature creep-l i fe  equation i s  expected. 

A parametric comparison of t h e  b e s t - f i t  equation f o r  1% creep i n  

T-222 annealed at  2400°F with t h e  equation f o r  1% creep i n  s t ress - re l ieved  

T-111 and data  f o r  1% creep i n  r e c r y s t a l l i z e d  T - 1 1 1  and T-222 a r e  shown 

i n  Fig.  3.12. Both equations, although they a r e  derived from r e l a t i v e l y  

short-time (<93 h r )  data, provide a r e l a t i v e l y  good f i t  of t h e  longer 

term da ta  for t h e  recrys ta l l ized  mater ia ls .  

preciably grea te r  1% creep s t rength than t h e  s t ress - re l ieved  T-111.  

The annealed T-222 has ap- 

A parametric p l o t  of the  b e s t - f i t  creep-rupture equation obtained 

by combining the  data for s t ress - re l ieved  T-111 and T-222 annealed a t  

AT 2 0 0 0 ° F  EXPERIMENTAL 
CALCULATED DATA 

T-114 SR 2 0 0 0 ° F  --- T - 2 2 2  SR 2 4 0 0 ° F  
T-444 R 3 0 0 0 ° F  A 

AT 2 2 0 0 ° F  
T-414 SR 2 0 0 0 ° F  
T - 2 2 2  SR 2 4 0 0 ° F  0 

T-411 R 3000°F A 
T - 2 2 2  R 300OOF V 

--- 0 

T-414 SR 260OOF 4 

- 

- 

L I 1 h o  I 
0 10 20 3 0  40 50 

UNIAXIAL STRESS, u (ksi )  

Fig. 3.12. Parametric P l o t s  of t h e  Derived 1% Creep Functions f o r  
t h e  Alloys T-111 and T-222.  
parison. 

Experimental da ta  points  shown for com- 
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2400°F is  shown i n  Fig.  3.13. The da ta  points  f o r  annealed T-222 gen- 

e r a l l y  f a l l  above t h e  curves; t h i s  ind ica tes  t h a t  it i s  more r e s i s t a n t  

t o  creep rupture than t h e  s t ress - re l ieved  T-111. 

3.4.4. Analysis of t he  P red ic t ab i l i t y  of Creep Data 

The ana lys i s  i n  t h e  previous sec t ion  tends t o  in-,sate t h a t  le new 

model may be adequate for long-term extrapolat ion of t h e  creep l i f e  f o r  

T - 1 1 1  or T-222 when addi t iona l ,  more d e f i n i t i v e  creep da ta  become a v a i l -  

ab le .  Since the re  a r e  r e l a t i v e l y  f e w  data f o r  these  a l loys  a t  present,  

addi t iona l  confirmation of t h e  model w a s  sought by analyzing t h e  more 

abundant data f o r  t h ree  commercial a l loys  ( type 304 s t a i n l e s s  s t e e l ,  

Hastel loy N, and Cb-l% Z r ) ,  which a r e  bel ieved t o  bracket T-111  and T-222 
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Fig.  3.13. A Parametric Plot of t h e  Derived Creep Rupture Function 
f o r  Combined T-111, T-222 D a t a .  
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i n  terms of long-term p red ic t ab i l i t y .  B e s t - f i t  equations (Figs.  3.14 

through 3.16) for these  commercial a l loys  were ca lcu la ted  with long-term 

data2 4-' from many heats  of each a l l o y .  

The accuracy of t he  model f o r  extrapolat ion of creep l i f e  i n  t h e  

t h r e e  commercial a l loys  w a s  determined (Table 3.8) by making f i t s  of 

constant s t r e s s  and temperature creep da ta  wi th  a rupture  l i f e  less than 

a se l ec t ed t ime ,  using these  f i t t e d  funct ions t o  p red ic t  t h e  s t r e s s  as 

a function of temperature t o  cause rupture a t  a grea te r  time, and com- 

paring t h e  predicted s t r e s s  with t h e  a c t u a l  average stress t h a t  caused 

f a i l u r e  at  t h e  g rea t e r  time. 

pressed i n  terms of t h e  maximum r e l a t i v e  e r r o r  (or b i a s )  i n  the  predicted 

s t r e s s  as a function of temperature, i s  then  compared with t h e  standard 

e r r o r  ( e r ro r  at 67% confidence leve l ,  s ince t h e  d i s t r i b u t i o n  of stress 

da ta  i s  approximately Gaussian) i n  r e l a t i v e  s t r e s s  caused by t h e  normal 

s c a t t e r  of data  about t h e  predicted b e s t - f i t  funct ion.  The model i s  then 

The accuracy of t h e  extrapolat ion,  ex- 

I I I I -  
- 

o CREEP RUPTURE OATA - 

Y =2.m 
uu = 63,500 

a = 3.749 x lo7 
K = 7.878 x 10" 

rn = 8.644 x 

Fig. 3.14. Master Larson-Miller P lo t  f o r  Creep Rupture i n  Type 304 
S t a i n l e s s  S tee l .  Data from 18 heats ,  189 data  points ,  at 1360 S T S 2.160, 
io s e s 100, 000. 
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Table 3.8. S t a t i s t i c s  and Predic tab i l i ty  of Creep-Rupture Data f o r  Several  Alloys 

Material ,  Number of Number Maximum Life  Relat ive Maximum Absolute 
Heats, and Tempera- of Lifetime To Be Standard Relative Bias 

t u r e  Domain Data i n  Data Predicted Er ro r  i n  i n  Predicted 
( O F )  Points (hr  ) (hr  ) S t r e s s  S t ress  

Type 304 s ta in less  s t e e l ,  
18 heats ,  900 C T C 1700 

15 
63 
123 
173 
189 

Hastelloy N, 5 heats,  
1100 C T S 1800 

Cb-l$ Z r ,  25 heats, 
1600 S T S 2200 

T-222 a l loy ,  1 heat,  

T-222 + T - 1 1 1  alloy, 2 

1800 C T S 3000 

heats,  1800 G T C 3000 

26 
40 
55 
69 
81 
93 

49 
66 
83 
92 
104 
16 

33 

10 
100 

1,000 
10,000 
100,000 

100 
200 
500 

1,000 
2,000 
15,000 

80 
150 
300 
750 

1,800 
1,440 

100,000 
100,000 
100,000 
100,000 
100,000 
10,000 
10,000 
10,000 
10,000 
10,000 
10,000 
1,500 
1,500 
1,500 
1,500 
1,500 

500,000 

0.03 
0.13 
0.14 
0.16 
0.17 
0.16 
0.16 
0.17 
0.16 
0.16 
0.16 
0.09 
0.10 
0.12 
0.13 
0.14 
0.051 

-1.0 
-0.10 
-0.09 
-0.05 
0.0 
0.2 
0.08 
-0.04 
-0.02 
0.008 
0.0 
0.25 
0.07 
-0.04 
0.05 
0.0 

1,740 500,000 0.072 

known t o  provide f o r  adequate extrapolation of creep within t h e  time 

range such t h a t  t h e  bias i n  the  predicted s t r e s s  i s  small compared with 

t h e  standard e r r o r .  

I n  Table 3.8 the  f i r s t  column gives t h e  material ,  number of heats,  

and temperature range of the  creep data that  were analyzed. 

columns give t h e  values of the selected times and t h e  corresponding num- 

ber  of data points  (with rupture l i f e  l e s s  than t h e  se lec ted  t ime) f o r  

which b e s t - f i t  functions were evaluated. The four th  column presents the  

values of rupture l i f e  f o r  which s t r e s s  as a function of temperature w a s  

predicted by t h e  model. 

r e l a t i v e  s t r e s s  f o r  each of t h e  b e s t - f i t  functions.  The last column gives 

t h e  maximum bias i n  t h e  predicted s t r e s s  defined as t h e  r a t i o  of t h e  maxi- 

mum difference between t h e  predicted and mean measured stress t o  t h e  mean 

measured s t r e s s  within t h e  temperature range of t h e  experiments. 

two rows of Table 3 . 8  compare t h e  r e l a t i v e  standard e r r o r  i n  the  s t r e s s  

for the  functions t h a t  were f i t t e d  t o  T-111 and T-222 data. The r e l a t i v e  

The next two 

The f i f t h  column c i t e s  t h e  standard e r r o r  i n  

The last 



standard e r r o r  i n  s t r e s s  i s  lower f o r  these a l loys  than fo r  the commercial 

a l loys  because the number of heats and data  poin ts  i s  s m a l l .  

Two very s t r ik ing ,  but tenuous, conclusions may be based on t h e  da ta  

given i n  Table 3.8: 

1. It appears that f o r  a large number of metals, probably including 

many of t h e  re f rac tory  a l loys ,  the present creep model can provide a f i t  

of creep da ta  such t h a t  t h e  standard e r r o r  i n  s t r e s s  w i l l  not exceed 15 

t o  178. 
a design s t r e s s  f o r  a predetermined confidence l e v e l  (e.g. ,  a s t r e s s  

sa fe ty  f a c t o r  of 2 would provide a p robab i l i t y  of f a i l u r e  of about 0.001). 

Knowledge of t h e  s t a t i s t i c s  of t he  f i t  w i l l  permit t he  choice of 

2. I n  each of t he  commercial a l loys  analyzed, t h e  bias i n  predicted 

stress for a long-time extrapolation becomes s m a l l  by using only 100- t o  

200-hr creep data .  

g rea t e r  than 100 t o  200 h r  i s  superfluous. The da ta  seem t o  suggest t h a t  

i f  creep da ta  a r e  ava i l ab le  t h a t  span two t o  t h ree  decades i n  time (1 t o  

200 hr, for example), a f i t t e d  function can be determined t h a t  w i l l  per- 

m i t  extremely long extrapolations i n  time, with t h e  e r r o r  of t h e  extrapo- 

l a t i o n  being l e s s  than t h e  normal s c a t t e r  i n  moderate-time creep-rupture 

da ta .  For t h i s  conclusion it i s  assumed, of course, t h a t  t he  long-term 

environment i s  t h e  same as  t h e  t e s t  environment. 

For these al loys t h e  creep da ta  f o r  periods of t i m e  

3.4.5.  Design and Analysis of 238Pu02 Capsules by t h e  New Method 

The CAPSUL program w a s  used t o  generate dimensions f o r  234Pu02 cap- 

su l e s  having maximum power per unit volume of a rectangular  paral le lepiped 

t h a t  encloses a capsule and the  aux i l i a ry  spacing and uses s t r u c t u r a l  

materials t h a t  a r e  d i c t a t ed  by the phase I1 reent ry  body design. 

ca lcu la t ions  were made f o r  a stress sa fe ty  f ac to r  of 1.0, s ince  su f f i c i en t  

da t a  are not ava i lab le  t o  se l ec t  a s t a t i s t i c a l l y  s ign i f i can t  s a fe ty  

f a c t o r  and the  ac tua l  s t r u c t u r a l  mater ia l  may be s t ronger  than t h e  an- 

nealed T-222 used f o r  reference.  

These 

I n  Table 3.9 optimum designs f o r  various b u r i a l  temperature and 

creep c r i t e r i a  a r e  compared with t h e  present phase I1 capsule design (de- 

signed by t h e  method developed i n  phase I s tudies  on t h e  basis of 1% creep 

i n  5 years  and an i n i t i a l  surface temperature of 2000'F). The new optimum 

designs f o r  both 1% creep i n  5 years and rupture  a f t e r  t en  h a l f - l i v e s  of 
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t h e  238Pu with an i n i t i a l  surface temperature of 2000°F r e s u l t  i n  24.5- 

kw(th) systems that  have l e s s  weight and volume than the  present phase I1 

system. The optimum designs f o r  higher temperatures (Table 3.9, Fig.  

3.17) ind ica te  t h a t  t h e  volume and weight of a 24.5-kw(th) system with 

i n i t i a l  operating and/or bu r i a l  temperature as high as 2400°F a r e  not 

high enough t o  be completely impractical .  

The CAPSUL program has been used t o  pred ic t  t h e  creep l i f e  (Table 

3.10) of t he  present phase I1 capsule under various hypothet ical  o r  ab- 

normal temperature h i s t o r i e s  t h a t  might a r i s e  from a change i n  the  normal 

ORNL DWG 67-18 

1100 t I I I 

300 I I I I 
I800 2000 2200 2 400 

INITIAL BURIAL TEMPERATURE (OF) 

Fig. 3.17. Weight of Capsules f o r  a Minimum Volume of 24.5-kw(th) 
238Pu02 Power Source as a Function of I n i t i a l  Burial  Temperature and 
Creep Cr i t e r ion .  
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Table 3.10. Predicted Life t o  1% Creep and Rupture f o r  
Phase I1 238Pu Capsules Under Various Conditions 

~ 

Normal Operating 
Conditions I n i t i a l  Time t o  S t r e s s  

Creep Safe ty  
Fact or 

Creep Bur ia l  
Cr i te r ion  I n i t i a l  Surface Time Temper a t  u r  e Cr i t e r ion  

Temper a t  ur e (OF) (years ) (years ) 
(OF) 

1% creep 2000 
2200 
2400 
2600 

Rupture 2000 
2200 
2400 
2600 

Rupture 2000 
2000 

Rupture 2000 
2000 

1.25 
1.25 
1.25 
1.25 

1.25 
1.25 
1.25 
1.25 

1.25 
1.25 

0.25 
0.25 

2000 
2000 
2000 
2000 

2000 
2000 
2000 
2000 

2500 
3000 

3000 
3200 

13.7 
13.7 
13.7 
13.5 

89 0 
89 0 
89 0 
890 

7.2 
1.46 

1.31 
0.83 

1.0 
1.0 
1.0 
1.0 
1.11 
1.11 
1.11 
1.11 

1 .o 
1.0 

1.0 
1.0 

operating temperature, b u r i a l  i n  a medium of exceedingly l o w  thermal con- 

duc t iv i ty ,  or exposure t o  an in su la t ing  environment i n  t h e  event of a 

launch-pad f i r e .  

years  i f  t h e  surface temperature during the  i n i t i a l  1.25-year operating 

period i s  i n  t h e  range 2000 t o  2600°F and t h e  i n i t i a l  temperature a f t e r  

e a r t h  b u r i a l  i s  2000°F. 

temperature during t h e  1.25-year operating period because of t h e  i n i t i a l l y  

low helium pressure.  

The predicted l i f e  of t h e  capsule.  t o  1% s t r a i n  i s  13.7 

The creep l i f e  i s  r e l a t i v e l y  in sens i t i ve  t o  t h e  

It i s  predicted t h a t  t he  phase I1 capsule has a rupture  l i f e  equal 

t o  t en  ha l f - l i ves  of t h e  238Pu w i t h  a s t r e s s  s a fe ty  f a c t o r  of 1.1 and un- 

dergoes a t o t a l  creep of l e s s  than 5% if the surface temperature i s  i n  t h e  

range 2000 t o  2600°F during t h e  1.25-year operating period and t h e  i n i t i a l  

b u r i a l  temperature a f t e r  operation i s  2000°F. 

t h a t  an average capsule would not rupture  i n  an i n f i n i t e  time under these  

conditions.  

data, t h e  safe ty  f a c t o r  of 1.1 on 89O-year rupture  shown i n  Table 3.10 

The ca lcu la t ion  predic t s  

Considering t h e  va r i a t ion  i n  the  present ly  ava i l ab le  T-111 



f o r  t h e  phase I1 capsule design i s  equivalent t o  a 95% r e l i a b i l i t y .  

While t h i s  r e l i a b i l i t y  would not be considered adequate f o r  a f i n a l  de- 

sign, it i s  thought t o  be adequate f o r  a preliminary design study s ince  

t h e  ca lcu la t ion  method used does not t ake  c r e d i t  f o r  t h e  volume increase 

as t h e  capsule creeps, and it  i s  assumed tha t  t h e  dr iv ing  force  f o r  creep 

i s  t h e  maximum t e n s i l e  s t r e s s  ra ther  than the  b i a x i a l  shear s t r e s s .  It 

i s  expected t h a t  longer term T-111 creep-strength da ta  and b i a x i a l  s t r e s s  

d a t a  w i l l  be ava i l ab le  t o  r e f ine  t h e  capsule w a l l  th ickness  requirements 

a t  t h e  time of a f i n a l  design. 

If' a capsule were buried i n  a medium with a temperature-averaged 

thermal conductivity of 0.13 Btu/hr- ( f t / " F )  a f t e r  an  i n i t i a l  operating 

period of 2000"F, t h e  surface temperature would increase t o  2500°F. 

t hese  conditions,  t he  capsule i s  predicted t o  have a t o t a l  l i f e  of 7.2 

years .  

t ia l  b u r i a l  temperature, t o t a l  l i fe ,  and l i f e  a f t e r  b u r i a l  are 3000"F, 

1.46 years, and 0.21 year, respect ively.  

Under 

I f  t h e  medium has conductivity of 0.104 Btu /h r - ( f t / "F ) ,  t h e  i n i -  

I f  it i s  assumed that 0.25 yea r  a f t e r  encapsulation t h e  capsule be- 

comes involved i n  a launch-pad f i r e  such t h a t  i t s  surface temperature i s  

increased t o  3200"F, it i s  predicted that  t h e  l i f e  of t h e  capsule i s  0.83 

year, which i s  0.58 year a f t e r  immersion i n  the  f i r e .  

long compared with t h e  p rac t i ca l  durat ion of a f i r e .  

T h i s  l i f e  i s  very 
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4. S€JJELDING 

Shielding and rad ia t ion  ca lcu la t ions  f o r  t h e  phase I1 238fi02 heat- 

source system were made on the  basis of dose c r i t e r i a  t h a t  l i m i t  t he  

time- and volume-averaged dose r a t e  i n  the  three  modules of a multipur- 

pose mis s ion  module a r ray  t o  5 rads pe r  year  from neutrons and 20 rads 

p e r  year from gammas f o r  the  spec i f ied  mission. 

ind iv idua l  astronaut would be exposed t o  t h i s  environment f o r  no more 

than 3 months.) 

(weight, -600 l b )  on the ins ide  faces of t he  power source. 

mentary sh ie ld  i s  required f o r  gamma a t tenuat ion  i n  addi t ion t o  t h a t  i n  

the  heat-source system and the  walls of t he  modules. 

4.3 present  t h e  assumed sources of radiat ion,  the  geometrical configura- 

t ion,  methods of calculat ion,  and a summary of the  r e s u l t s .  

(It w a s  assumed t h a t  an 

These c r i t e r i a  require  a 4- in . - thick sh ie ld  of L i H  

No supple- 

Sections 4 .1  through 

4 . 1  Radiation Sources 

The sources of penetrat ing rad ia t ion  i n  the  238pU02 heat-source sys- 

tem include primary gamma rays from decay of the  isotope and impuri t ies ,  

alpha-gamma in te rac t ions  within the fue l ,  and spontaneous f i s s i o n  of t he  

238pU; secondary gamma rays from neutron capture and i n e l a s t i c  s c a t t e r -  

ing; and neutrons from spontaneous f i s s ion ,  alpha-neutron react ions,  and 

neutron-induced f i s s i o n .  I n  determining the  y i e l d  of these radiat ions,  

it i s  assumed t h a t  t he  238pU02 has the  proper t ies  described by Stoddard 

and Albenesius. 29 

The y ie ld  and energy d i s t r ibu t ions  of primary gamma rays from t h e  

238pU02 (Table 4.1)  a r e  assumed t o  be those reported i n  phase I studies '  

f o r  a plutonium product containing 1 . 2  ppm 236Pu aged 1 year  s ince  sepa- 

r a t ion  fromproducts of t h e  decay chain. The dose contr ibut ion from 

sources of secondary gammas was determined with a multigroup t ransport-  

theory code t o  be negl ig ib le  by comparison on the  bas i s  of calculat ions 

of  t he  heat-source and sh ie ld  system. 

The t o t a l  neutron source w a s  estimated t o  be 9200 If: 3000 neutrons/sec 

pe r  gram of pure 238Pu (2600 k 300 from spontaneous f i s s ion ,  5000 * 2500 

from alpha-neutron react ions,  and -1600 from neutron-induced f i s s i o n ) .  
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Table 4.1. Assumed Yield and Energy Spectrum 
of Primary Gamma Rays from Plutonium 
Dioxide" One Year Af te r  Pu r i f i ca t ion  

Photon Energy (Mev) Yieldb (photons/sec) 

0.3 
0.6 
0.76 

1.0 
1.5 
2.62 

3.5 

4.5 
5.5 
6.5 

5.53 x loll 
8.29 X lo8 
2.06 X lo1' 
1.91 X lo8 

3.04 X lo8 
5.25 X lo8 

1.68 x io7  
5.62 X lo6 
1.43 X l o 6  
3.58 x i o 5  

Plutonium content : 80.94% 23  8Pu, 15.26% 
239Pu, 2.88% 240Pu, 0.79% 2411?u, 0.12% 242Pu,  

a 

1 . 2  ppm 236Pu. 

bFor a 25-kw(th) source. 

Approximately 15% of these neutrons w i l l  be absorbed withiii the  reent ry  

body. 

ana lys i s  of l i t e r a t u r e  data .  

wde3'  and by Druin, Perelygin, and Khlevnikov.31 

The neutron source f r o m  spontaneous f i s s i o n  w a s  based on a c r i t i c a l  

Most weight w a s  given t o  data reported by 

The neutrons from alpha-neutron reac t ions  i n  238Pu02 were estimated 

by using the  da ta  published by A r 1 1 0 l d ~ ~ ' ~ ~  on the  y i e l d  from 232U com- 

bined with various l i g h t  elements and the  e f f e c t  of a lpha-par t ic le  energy 

on the  y i e ld .  

s i g n i f i c a n t  elemental impuri t ies  i n  238Fu are  l i s t e d  i n  Table 4.2. 

t h i s  method the  y i e l d  of neutrons from alpha-neutron react ions i n  238Pu02 

containing pure na tu ra l  oxygen (2040 ppm l80, 370 ppm 170, and balance 

l60) i s  25,000 neutrons/sec p e r  gram of 238Pu; t h i s  value agrees very 

wel l  with measurements of 2381?u02 reported by Stoddard and Albenesius. 

The estimated y ie lds  f o r  p a r t s  pe r  mi l l ion  of poss ib le  

By 

29 

I n  estimating the  t o t a l  alpha-neutron y i e l d  f o r  the  phase I1 sh ie ld  

ana lys i s  (5000 t 2500 neutrons/sec pe r  gram of 238Pu), it was assumed 
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Neutron Yield 
[sec-1 (g 2 3 8 ~ ) - 1  ppm-ll Element 

Table 4.2. Estimated Yield of (a ,n)  Neutrons i n  238Pu p e r  ppm 
(by Weight) of S igni f icant  Target Elementsa 

Neutron Yield 
[sec- l  ( g  2 3 8 ~ ) - 1  ppm-'1 Element 

Be 
B 
F 
L i  
S i  
N a  
A l  
Ar 
M g  

300 
88 
28 
19 

5.0 
2.0 
1.6 
1.1 
0.80 

c1 
C 
0 
K 
P 
N 
s c  
S 
T i  

0.69 
0.54 
0.21 
0.15 
0.050 

0.018 
0.013 
0.011 

<O ,034 

%lements  a r e  assumed t o  have the  na tu ra l ly  occurring d i s t r i b u t i o n  
of  isotopes.  

t h a t  the oxygen was depleted by a f ac to r  of 10 i n  l80 and a f a c t o r  of 

2 i n  l 7 O .  The neutron y i e l d  from alpha-neutron react ions with the  de- 

p l e t ed  oyygen (180 ppm l 8 O ,  200 ppm 170, and balance l60) i s  estimated 

t o  be 2600 neutrons/sec per  gram of 238Pu. 
The large uncertainty i n  the  t o t a l  alpha-neutron y i e l d  i s  caused by 

the  present  uncertainty with respect  t o  the  concentration of minor e l e -  

ment impurit ies i n  f inished 238Pu02 microspheres. 

p u r i t i e s  i n  microspheres produced by the  ORNL so l -ge l  process a re  ex- 

pected t o  be calcium, sodium, and f luor ine .  Small-scale laboratory 

s tudies34 indicate  t h a t  these elements can be maintained a t  concentra- 

t i ons  ( U O O  ppm of carbon and sodium; U O  ppm f luo r ine )  such t h a t  t he  

neutron y ie ld  w i l l  be negl ig ib le  compared with t h e  y i e l d  from the  de- 

p l e t ed  oqrgen. 

The s i g n i f i c a n t  i m -  

C a l c u l a t i ~ n s ~ ~  were made with a 15-group t ranspor t  code and cross  

sect ions from phase I studies '  t o  determine the  neutron-induced f i s s i o n  

r a t e  i n  t h e  phase I1 238Pu02 capsule a r ray .  The ca lcu la t ions  were made 

i n  only one dimension; t rue  dimensions of t h e  components of t h e  reent ry  

body (capsules, c l i p s ,  and s t r u c t u r a l ,  hea t  sink, and ab la t ive  materials) 

were assumed i n  the  d i r ec t ion  perpendicular t o  the  plane of t he  capsules, 

but  t he  radius of  the  d isk  w a s  assumed t o  be i n f i n i t e  because the  radius 
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i s  very la rge  compared with the  mean free pa th  of neutrons. 

neutron mul t ip l ica t ion  f a c t o r  of the reent ry  body was 0.176. 

of neutrons formed i n  neutron-induced f i s s i o n  i s  0.214 per  source neutron 

o r  approximately 1600 neutrons/sec pe r  gram of 238Pu. 

The calculated 

The number 

4.2.  Shield Configuration and Methods of Calculat ion 

Figure 1.3 (Sect.  1) shows the o r i en ta t ion  of the  238Pu02 power source 

(an ar ray  of capsules on a d isk  perpendicular t o  the  plane of the f igu re )  

and i t s  reentry body with respect t o  the  command, engine, and laboratory 

modules of a multipurpose mission module a r ray .2  The coordinate system, 

with i t s  center  a t  t h e  center  of the command module, i s  the  same as t h a t  

used by North American Aviation36 i n  analyzing the  shielding character-  

i s t i c s  of t he  Apollo command module. 

The rad ia t ion  dose calculat ions were made by volume averaging the 

dose r a t e  i n  each of t h e  three  modules. Point kernels  f o r  neutrons and 

photons were numerically integrated with respect  t o  the  a rea  of t he  d isk  

source and the  volume of a module. The poin t  kernels  f o r  gamma rays, in-  

cluding the  a t tenuat ion  by the  heat source system and the  w a l l s  of the  

modules, 2, 3 6  were calculated by using the  SDC program.37 The neutron at- 

tenuat ion kernels  f o r  L i H  were those presented i n  the  phase I report’ f o r  

t h e  Henderson rad dose response function. 

When the  reentry body i s  deployed f o r  heat r e j ec t ion  i n  the  absence 

of t he  L i H  shield,  the  dose r a t e  i n  the  command module i s  approximately 

7 times the  normal dose r a t e .  For t h e  ca lcu la t ions  it w a s  assumed t h a t  

t he  crew w i l l  spend a proportionately l a r g e r  f r a c t i o n  of t h e i r  time i n  

t h e  engine and laboratory modules when the  reent ry  body is  deployed. 

The unshielded reent ry  body i s  not an in tense ly  radioact ive objec t  

but  compares with isotope shipping casks t h a t  a r e  shipped within I C C  

regulat ions.  

meter i s  approximately 100 mrem/hr. It w i l l  be poss ib le  t o  load the  

capsules and perform maintenance work around the  reent ry  body on the  

launch pad with to l e rab le  radiat ion exposure rates. 

The dose r a t e  on t h e  d i sk  center  l i n e  a t  a dis tance of 1 
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4.3. Results 

Results of the dose-rate calculations in the three modules with a 

4-in.-thick shield of LiH in the direction of each of the three modules 

are given in Table 4.3. An alternate and slightly lighter shield having 
5 in. of LiH only in the direction of the command and laboratory modules 
was discarded on the basis that the dose rate would then be too sensitive 

to the occupancy of the engine module. The volume-averaged dose rates 
(columns 2 and 3) have not been weighted by module occupancy and can be 
weighted for any specified occupancy model. The time- and volume-aver- 

aged dose rates (columns 4, 5, and 6) are calculated on the basis that 
the percentages of total man-hours spent in the command, engine, and 
laboratory modules are 40, 3, and 57%, respectively. The time- and 

volume-averaged dose rates are not sensitive to occupancy if the engine 

module occupancy is less than about 5%. 

Table 4.3. Radiation Dose Rates from t h e  24.5-kw(th) 238pU02 Heat Source i n  
the Three Modules o f  the  Multipurpose Mission Module Array 

Volume-Averaged Dose Rate 
and Dose-Rate Range i n  Time- and Volume-Averaged 

Modules (rad/year ) Dose Rate 
Occupancy 

Total  Neutrons Gammas Neutrons Gamma 
($1 Module 

(rad/year)  ( rad/year)  ( r e d y e a r )  Rate Range Rate Range 

Command 40 5.2 3-11 12.1a 7-25 2 .1  4.8 30 

Engine 3 10.1 4-56 50.6 23-280 0.3 1.5 5 

Laboratory 57 4.6 2-16 21.9 9-74 2.6 12 .5  44 

Tota l  5.0 18.8 79  
a 

This would be 15.8 rad per  year  i f  "Z" coordinate of the  s o w c e  
were p o s i t i v e .  

Considering the possible variations in the source-strength and shield 

calculations, it is estimated that the neutron dose rate calculations are 
accurate within a factor of 2 at a high probability level. 
gamma dose rates may be high by as much as a factor of 4 and low by as 
much as a factor of 1.5. 

The calculated 



5 .  SYSTEM DESIGN 

This sec t ion  describes the  integrat ion of t h e  f u e l  capsules i n t o  a 

heat source and incorporation of the source i n t o  a Brayton-cycle system 

i n  a space vehicle.  

r e l a t i n g  t o  

1. coolant c i r c u i t  redundancy, 

2.  emergency heat re ject ion,  

3. abort  e jec t ion  devices, 

4. 
5. launch-pad f i r e  protect ion.  

The sa fe ty  c r i t e r i a  p a r t i c u l a r l y  involved a r e  those 

reent ry  heating and impact protection, 

The phase I1 preliminary design uni t  (de ta i led  i n  Fig.  2 . 1 )  i s  gen- 

e r a l l y  or iented toward ear th-orb i ta l  missions, but it i s  not spec i f i ca l ly  

geared t o  a p a r t i c u l a r  mission p ro f i l e .  Modifications t o  t h e  design would 

be necessary t o  include planetary and lunar  missions; however, these  could 

be made without a l t e r i n g  t h e  basic design concept. 

The multipurpose mission module2 space s t a t i o n  (shown i n  Fig.  5.1) 

w a s  d.esignated by NASA t o  be used for phase I1 in tegra t ion  s tudies .  

module makes use of t h e  same launch vehicle  assembly (Saturn V )  as the  

manned lunar-landing program, except t h a t  t h e  lunar  excursion module (LEM) 

This 

ORNL-OWG 6€-11P,O 
--SECOND SET .Y 

(IF USED1 

I 1 INTEGRATION WITH S-IVB VEHICLE 

Fig. 5.1. Spacecraft f o r  Phase I1 Integra t ion  Studies .  
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i n  the  Saturn LEM adaptor (SLA) sec t ion  between t h e  S-IVB vehicle  and t h e  

Apollo service module i s  replaced w i t h  two c y l i n d r i c a l  housings (15 f t  i n  

diameter and approximately 9 f t  i n  h e i g h t ) .  

t h e  engine-room module and t h e  o the r  t h e  laboratory module. After o r b i t  

has been achieved, the  SLA is  opened, and the  Appolo command module with 

i t s  serv ice  module disengages, tu rns  around, and docks with e i t h e r  one 

of t he  cy l ind r i ca l  modules (shown i n  Fig. 1.1). 

One of t hese  i s  designated 

5 .1 .  Reentry Body 

The reentry body i s  a separate  u n i t  (shown i n  Fig.  5 .2 )  cons is t ing  

of t he  pro tec t ive  s h e l l  and t h e  fue l -p l a t e  assembly with intervening i n -  

su la t ion .  Only a minimum number of contact po in ts  func t iona l ly  and s t ruc -  

t u r a l l y  in tegra te  t h i s  uni t  with t h e  remainder of t h e  associated equipment. 

5.1.1. Fuel-Plate Assembly 

The fue l -p l a t e  assembly i s  m d e  up of two Cb-l$ Zr disks.  The upper 

d i sk  i s  nominally 50 i n .  i n  diameter, and t h e  lower d isk  i s  46 i n .  i n  

diameter. 

thickness  t o  form a light-weight s t rength  member. The d isks  a r e  separated 

by discontinuous radial r ibs between a hub and a r i m .  Extending outward 

from t h e  r i m  a r e  temperature compensators that  have 1/8-in. - thick yielding 

l i nks  t o  accommodate t h e  3/8-in. radial expansion that occurs when t h e  

temperature is ra i sed  from ambient t o  t h e  operating l eve l .  

The disks  a r e  0.156-in.-thick metal b u i l t  up t o  2 1/4 i n .  i n  

Orbital temperature excursions below the  normal operating condition 

could separate t h e  compensators from t h e  insu la t ion .  The separat ion would 

be to l e rab le  f o r  shor t  periods of time, s ince  metal laminations i n  t h e  in -  

su l a t ion  would r e t a i n  t h e i r  shape and t h e  main mechanical attachment of 

t he  fue l -p la te  assembly t o  t h e  s h e l l  i s  through t h e  c e n t r a l  b o l t .  

establishment of t h e  normal mode of operation would r e s u l t  i n  recontact 

of t h e  compensators and insu la t ion .  Rapid temperature excursions of t he  

f u e l  capsules a r e  prevented by t h e  heat-storage capaci ty  of pressed beryl-  

l i u m  oxide, which i s  included i n  t h e  fue l -p l a t e  assembly t o  provide a 

shor t  thermal path t h a t  cannot be interrupted.  

Re- 
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I n  order t o  a t t a c h  the  f u e l  capsules t o  t h e  surface of t h e  support 

plates ,  1 11/16-in. nominal diameter Cb-1% Zr tubular  holders a r e  welded 

t o  1/16-in. - thick s t r i p s  of semicircular corrugated c l i p s .  These c l i p s  

a r e  fastened t o  the  surface of t h e  d isk  by plug welding i n  t h e  corruga- 

t i o n s .  

energy deposition i s  avoided during welding, and d i s t o r t i o n  of the holders 

i s  minimized.) 

provides a smooth bore i n t o  which t h e  capsules can be e a s i l y  inser ted,  

and t h e  tubes a f ford  some protect ion from back-side heating during reentry.  

Loose-fi t t ing f u e l  capsules i n  t h e  tubular  holders would simplify f u e l  

loading, but t h e  clearance would provide freedom f o r  t he  capsules t o  v i -  

b r a t e  independently during launch i f  some clamping method were not incor- 

porated i n t o  t h e  design. The clamping function i s  generated by deforming 

the  longitudinal upset on t h e  tubular  holders by crimping. F la t ten ing  

t h e  upset reduces t h e  tube diameter u n t i l  t h e  capsules a r e  securely held.  

Long-term operation at elevated temperatures will r e l a x  t h e  pressure on 

t h e  capsules, so t h e  platinum coatings w i l l  not be extruded. The arrange- 

ment of capsules and tubes on t h e  50-in. upper p l a t e  i s  shown i n  Fig.  5 . 3 .  

N o  f u e l  capsules a r e  loaded i n t o  an 8-in.-diam c e n t r a l  sect ion of t h e  

(Since t h e  c l i p s  and tube w a l l  a r e  of equal thickness,  unequal 

T h i s  method of holding the  capsules t o  t h e  support p l a t e s  

tubular  holders. This exclusion a rea  corresponds t o  t h e  o u t l e t  header of 

t h e  heat exchangers, where inef fec t ive  heat t r a n s f e r  would r a i s e  capsule 

temperatures above t h e  design value. Dummy capsules a r e  included i n  t h e  

exclusion area, and t h e  required 156 f u e l  capsules a r e  d i s t r i b u t e d  w i t h  

approximate uniformity i n  t h e  annular region. 

Fuel-capsule inser t ion  i n t o  the  b l ind  tubular  holders i s  unidirec- 

t i o n a l  from two adjacent quadrants when t h e  removable p a r t  of t h e  support 

r ing  i s  detached. The open ends a r e  then  capped t o  complete t h e  f u e l -  

p l a t e  assembly. 

5.1.2. Reentry Protect ive S h e l l  

The reentry pro tec t ive  s h e l l  i s  a 60" blunted cone wi th  a 15-i.n.- 

radius spherical  nose. The a b l a t i v e  protect ion has a uniform thickness 

of 2 2/3 i n .  and i s  cemented with a f l e x i b l e  bond t o  t h e  1- in . - th ick  
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expanded o r  honeycombed aluminum s t r u c t u r a l  member used t o  r e s i s t  reentry 

forces .  

Twelve 1/8-in.  s t r u t s  and a 1/8-in. formed chordal p l a t e  a r e  a t tached 

t o  t h e  honeycomb s t ruc tu re  (Fig.  5 . 2 ) .  The formed p l a t e  cont ro ls  t he  

shape of t h e  2- in . - th ick  laminated Superinsulation and provides a bearing 

surface f o r  t h e  f u e l  p l a t e  through ax ia l  compression of the in su la t ion .  

The chordal p l a t e  a l s o  has a per ipheral  to rus  with an ex terna l  circum- 

f e r e n t i a l  groove t h a t  mates with a tongue on t h e  reent ry  body support r ing  

t o  furn ish  t h e  force  t o  suspend t h e  recovery package i n  place.  The i n -  

su l a t ion  i s  forced outward against  the i n t e r n a l  f a c e  of t h e  to rus  by t h e  

temperature compensators on t h e  f u e l  capsule support p l a t e s .  

A c e n t r a l  tubular  column (1/8 i n .  i n  w a l l  thickness,  16 i n .  i n  d i -  

ameter, 8 in .  i n  length)  with a 1/2-in.-thick i n t e g r a l  f lange  provides 

bracing f o r  t h e  s t r u t s  from the honeycomb s t ruc tu re .  The inner  1 i n .  of 

t h e  3- in .  width of t he  i n t e g r a l  flange mates with a s p l i t  f lange  (3/4 i n .  

i n  thickness  and 4 i n .  i n  width) t h a t  i s  used t o  exer t  a radial load 

through the  insu la t ion  on a 2-in.-diam b o l t  shank. The radial load centers  

t h e  b o l t  i n  t h e  reent ry  pro tec t ive  shell t o  complete t h i s  assembly. 

5.1.3. Reentry Body Assembly 

To jo in  the  fue l -p l a t e  assembly t o  t h e  reent ry  pro tec t ive  s h e l l ,  a 

tapered nut i s  threaded on t h e  cen t r a l  b o l t  t h a t  extends through a mating 

hole i n  t h e  support p l a t e  hub. 

l a rge  b o l t  head and fue l -p l a t e  assembly on both faces  of t h e  in su la t ion  

covering t h e  s p l i t  f lange securely anchors the  fue l -p l a t e  assembly t o  

t h e  reent ry  s h e l l .  

The ax ia l  compression developed by the  

Joining t h e  fue l -p l a t e  assembly to  t h e  s h e l l  without any penetrat ions 

i n  t h e  Superinsulation adds complexity t o  the design, but  it i s  necessary 

t o  prevent excessive thermal losses .  The complexity a r i s e s  because only 

compressive loads can be t ransmit ted across t h e  laminated insu la t ion  

(shear  loads would t e a r  t he  laminations).  

heat l o s ses  through t h e  insu la t ion ,  but t h e  2-in.  nominal thickness  of a l -  

t e rna te  layers  of r e f l e c t i v e  metal and separators  i s  s u f f i c i e n t  t o  keep 

the  temperature of the  reentry protect ive s h e l l  vJithin to l e rab le  l i m i t s .  

The compressive stress increases  



5.2. Heat Exchangers 

Except f o r  t he  heat source, a redundant power system i s  required, 

and it i s  des i rab le  t h a t  a l l  aspects of t h e  two conversion systems should 

be made as i d e n t i c a l  as possible .  The dupl icat ion concept and the  des i r e  

t o  have t h e  d isk  heat exchanger oppose t h e  heat  source l ed  t o  an involute  

tube design. The redundant heat exchangers are a l t e r n a t e l y  nested t o -  

ge ther  and a l l  tubes have iden t i ca l  curvatures.  The headers a r e  arranged 

t o  give near ly  equal tube lengths so tha t  individual  tube o r i f i c i n g  i s  

not needed t o  d i s t r i b u t e  t h e  flow of gas i n  t h e  tubes.  

The involute  geometry select ion,  with redundancy, w a s  applied i n  two 

heat  exchanger designs f o r  two d i f f e ren t  working f l u i d s .  The designs, 

which can be subs t i t u t ed  f o r  each other,  a r e  for t h e  spec i f ied  helium- 

xenon mixture with a molecular weight of 83.8 and f o r  pure argon: The 

ove ra l l  assembly dimensions are the same; t h e  number of tubes and t h e  

dimensions of t h e  tubes and headers a r e  d i f f e r e n t .  

i l l u s t r a t e  t h e  d i f fe rences  i n  the  two des igns . )  

a r e  operat ional ly  and physical ly  interchangeable and both a r e  constructed 

i n  t h e  same manner, only t h e  helium-xenon design i s  de t a i l ed  i n  t h i s  

d i  s c us s ion. 

(Figures 5.4 and 5.5  

Since the two systems 

mhe inv-1 uLube  ..+ t zbes  of t h e  redundant heat exchangers a r e  fed  from 

g-in.-diarn headers. 

p a r a l l e l  t o  t h e  disk-shaped heat source. The planes have a capsule center  

l i n e  t o  tube cen te r - l i ne  separation d is tance  of 5 i n .  t o  enhance t h e  ra- 

d i an t  heat t r a n s f e r  of t he  capsules near  t h e  o u t l e t  headers. Since t h e  

headers a r e  nested i n  a stacked arrangement, t h e  tubes a r e  not i n  a plane 

over a small length i n  t h e  immediate v i c i n i t y  of t h e  o u t l e t  headers. The 

tubes double back from the  periphery of t h e  d i sk  t o  t h e  i n l e t  headers i n  

d i f f e r e n t  but e s s e n t i a l l y  pa ra l l e l  planes.  

The tubes form a plane surface d i r e c t l y  opposite and 

All headers a r e  scro l led  and have contoured flow s p l i t t e r s  t o  d i s -  

t r i b u t e  t h e  gas flow. The tube and header junctions a r e  a l s o  contoured 

t o  reduce i n l e t  and e x i t  pressure lo s ses .  [The i n l e t  and e x i t  pressure 

losses  c o n s t i t u t e  about 30% of the design value (m/P = 3 % ) ;  t h e  curved 

tube lengths cont r ibu te  t h e  remaining port ion.  3 
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The heat exchangers a r e  supported by a clamping force  on the i n l e t  

and o u t l e t  coolant l i n e s .  The fo rce  i s  t ransmit ted from t h e  sh ie ld ing  

container  t o  t h e  coolant pipes by radial compression of t h e  Superinsula- 

t i o n  (shown i n  Fig.  5 . 6 ) .  The container  i s  a l s o  u t i l i z e d  on t h e  cold sur -  

face; however, t h e  hot surface has a 0.0375-in.-thick sheet m e t a l  d i s k  and 

discontinuous 0.062-in.-thick r ing  segments t o  enclose t h e  1 i n .  of insu-  

l a t i o n .  The r ing  segments a r e  a t tached t o  U-shaped y ie ld ing  l i n k s  t h a t  

p ro jec t  from the  1 1/2- by 1/2-in.  radial support arms used t o  maintain 

the  plane geometry. 

sembly. 

A c i rcumferent ia l  0.0188-in.-thick b e l t  a i d s  i n  as- 

A prelaunch cooling sec t ion  with a r e f r ige ran t  as t h e  coolant i s  i n -  

cluded t o  remove heat from t h e  source capsules while t h e  launch vehicle  

i s  on t h e  launch pad. To save space, t h i s  l i q u i d  heat exchanger i s  de- 

signed t o  nest in  place above t h e  main heat  exchangers ( see  Fig.  5 .7) .  

An iner t -gas  purge i n l e t  has been incorporated f o r  use on t h e  launch 

pad t o  maintain a pos i t ive  pressure in s ide  t h e  insu la ted  volume formed by 

the  heat exchangers and t h e  reent ry  body. The two assemblies a r e  not i n  

contact,  but t h e  Superinsulation on each component forms a mult iple  tongue- 

and-groove labyrinth sea l .  T h i s  s e a l  i s  t h e  only uninsulated penetrat ion 

i n t o  the  insulated volume. The labyr in th  i s  pervious t o  both the  purge 

gas and heat. The gas can escape eas i ly ,  but the  heat  rays would deposi t  

t h e i r  energy i n  t h e  reentry-body support r i ng  if  many aligned holes were 

not included i n  t h e  r ing  t o  keep it from in te rcept ing  t h e  hea t .  

energy deposit ion i n  t h e  metal between adjacent holes i s  d i s s ipa t ed  by 

conduction and re rad ia t ion  t o  colder  a reas .  

The small 

5.3. Shielding 

A A-in.-thick L i H  nuclear rad ia t ion  sh ie ld  i s  c lose ly  associated w i t h  

t h e  heat exchanger assembly (shown i n  Fig.  5 .6) .  

t o  encase the heat exchangers and f u e l  p l a t e  and provides approximately 

2 ~ r  solid-angle rad ia t ion  protect ion.  The LiH i s  contained i n  a 0.050-in.- 

t h i ck  s t a i n l e s s  s t e e l  housing on the. cy l ind r i ca l  and conical  sec t ions  t o  

transmit the sh i e ld  and heat exchanger weight loads, and t h e  cyl inder  

(55 i n .  i n  inside diameter, 13 in .  long) i s  at tached t o  t h e  m i n  support 

The sh ie ld  i s  contoured 
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frame (described i n  Sect .  5.4.2) a t  t h e  open end. 

cone-shaped closed end i s  oriented toward the  engine-room module. Coolant 

l i n e s  and a launch-pad purge-gas i n l e t  pene t ra te  t h e  cone axially.  

l i n e s  then curve until they run nearly p a r a l l e l  t o  the  conical  surface 

and t h e  rack, so  the re  i s  no straight-through path f o r  rad ia t ion  streaming 

t o  t h e  outs ide of t h e  sh ie ld .  Since t h e  working f l u i d  headers pass 

s t r a i g h t  through t h e  shield,  it may be  necessary t o  provide a 16-in.-diam 

4-in.- thick piece of supplementary shielding on the  engine-module bulkhead 

d i r e c t l y  behind t h e  header e x i t .  

The apex of t h e  80" 

The 

5.4. Vehicle In t eg ra t ion  

In tegra t ion  of t he  heat source i n t o  the  multipurpose mission module 

i s  shown i n  Fig.  5.1. The power system i s  located i n  t h e  engine-room 

module within t h e  SLA, and an o f f se t  arrangement i s  used t o  conserve space. 

A second system (shown i n  phantom i n  Fig.  5 . 1 )  could be incorporated i n t o  

t h e  module i f  desired.  

f o r  c r i t i c a l  power requirements . 
This system would a l s o  provide complete redundancy 

5.4 .1 .  Vehicle Modification 

Modifications required t o  the  engine room of t h e  multipurpose mission 

module t o  allow i n s t a l l a t i o n  of the  power-conversion system a r e  shown i n  

Fig.  5.8. The ex i s t ing  pressure-containment w a l l  w a s  rerouted more or 
l e s s  along a chord t o  provide a two-radian c i r c u l a r  segment, ex te rna l  t o  

t h e  pressurized volume, f o r  the  equipment. The a l t e r e d  bulkhead of t h e  

module leaves a 2 - f t  minimum rad ia l  clearance around t h e  docking por t  f o r  

easy maneuverability i n t o  t h e  port  from t h e  engine room. The 2 - f t  mini- 

mum clearance requirement accounts f o r  t h e  p a r t i c u l a r  shape shown. 

I n  t h e  c i r c u l a r  segment, t he  thermal subassembly of t h e  power supply 

has been posit ioned d i r e c t l y  over t h e  rack, which i s  t h e  bas ic  l i n k  hold- 

ing t h e  two cy l ind r i ca l  modules together .  This loca t ion  permits t h e  heat 

source t o  be supported without cant i lever ing t h e  u n i t .  This arrangement 

w a s  se lec ted  i n  order  t o  transmit t h e  major launch-phase loads a s  d i r e c t  

bearing loads t o  t h e  rack r a t h e r  than as to r s ion  o r  bending loads.  An 
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add i t iona l  support point  w a s  added t o  t h e  rack t o  assist t h e  two ex i s t ing  

poin ts  (shown i n  the  f ront  elevation view). 

(shown i n  proper perspective t o  the command module) shows t h e  r e l a t ionsh ip  

of t h e  SLA and t h e  thermal source on t h e  launch pad, as wel l  as t h e  prox- 

i m i t y  of t h e  reent ry  body t o  a docked command module during an emergency 

requir ing a heat dump i n  o r b i t  a f t e r  t h e  SLA has been je t t i soned .  

The orb i t ing  s t a t i o n  cons is t s  of t h e  modified engine module, t he  

The s ide  elevat ion view 

laboratory module, and t h e  power supply held together  by the  rack f r a m e -  

work. The modified module does not a l t e r  docking procedures a t  e i t h e r  

end of t h e  s t a t ion ,  and t h e r e  i s  no in te r fe rence  with operation of t h e  

power system from a docked vehicle.  

5 . 4 . 2 .  Support Mechanism 

The support assembly f o r  t he  components i s  shown i n  Fig.  5.9. The 

assembly i s  b a s i c a l l y  two box-sectioned parts ( the  main support frame and 

t h e  reentry-body support r ing;  see  Fig.  2 .1 .  ) fabr ica ted  from 1/8-in.  

t i t an ium shee t .  

columns r i s i n g  from t h e  rack load  points .  There i s  a l so  a d i r e c t  con- 

nection t o  the  th i rd- rack  load point on t h e  var iab le  cross-sect ion pa r t  

of t h e  c i r c u l a r  a rch  (66 i n .  I D ) .  The a r c h ' s  per iphera l  cross-sect ional  

va r i a t ion  from 6 by 4 i n .  t o  2 by 4 i n .  provides a near ly  constant s t r e s s  

d i s t r i b u t i o n  from t h e  servo motors, LiH shield,  and heat exchanger loads.  

The main support frame has two 6- by &in .  rectangular 

The servo motors have a common sha f t  running between them t h a t  pro- 

vides support f o r  t h e  reent ry  body and i t s  support r ing .  The shaf t  has 

A12O3 journal bearings i n  t h e  servo housings. The combination of metal 

shaft and oxide bearings i s  an antiweld jo in t  f o r  long-term operation i n  

a space vacuum. Antiweld j o i n t s  are mandatory because the  motors a r e  low- 

torque devices with only enough power t o  i n i t i a t e  t h e  heat dumping mode 

i n  o r b i t .  A t r a n s i t i o n  t o  a 1-in.-square cross  sec t ion  between t h e  hous- 

ings produces t h e  ro t a t ion  of t h e  reentry-body support r ing.  Driving t h e  

square-cross-section shaft w i t h  the servo motors r o t a t e s  t h e  weightless 

r een t ry  body and support r i ng  unt i l  t h e  f u e l  capsules do not face  t h e  

heat exchangers. 
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The shaf t  i s  designed t o  withstand only dead loads and not t h e  dy- 

namic launch loads of t h e  reentry body and support r ing.  Provisions a r e  

included t o  l e t  t h e  launch loads def lec t  t h e  upper pa r t  of t h e  main sup- 

por t  a rch  u n t i l  t h e  reentry-body support r ing inakes contact with th ree  

def lec t ion- l imi t ing  pads. The clearances between t h e  pads and t h e  support 

r ing  a r e  approximately 1/32 i n .  before t h e  launch, and t h e  gaps c lose  

under an addi t iona l  1-g load. The remainder of t he  10-g launch load i s  

supported through t h e  pads t o  t h e  gussets  and columns d i r e c t l y  i n t o  the  

rack. 

i n .  This clearance i s  necessary t o  insure  t h a t  space welding or i n t e r -  

ference does not occur between the  reentry-body support r ing and def lec-  

t i o n  l imi t ing  pads t h a t  would prevent pivoting t h e  heat source i n t o  t h e  

heat -dumping mode. 

I n  o r b i t ,  t he  s tored def lect ion energy w i l l  open t h e  gaps t o  1/16 

A brace has been included a t  the  servo motor loca t ion  t o  add s t a b i l i t y  

t o  t h e  support mechanism. The brace i s  anchored t o  the  pressure w a l l  

s tanchions as a means of counterbalancing any force  moments appl ied t o  

t h e  support system. A temporary l a t ch  i s  included i n  the  design t o  pre- 

vent t he  reent ry  body from swinging l i k e  a pendulum during launch, and it 

w i l l  be severed when o r b i t  i s  achieved. 

5.4.3. Reentry-Body Attachment 

The method f o r  a t tach ing  t h e  reent ry  body t o  i t s  support r i ng  i s  

shown i n  Fig.  5.10. The 2- by 2-in.-square sect ion r ing  has an ins ide  

diameter of 58 i n .  and i s  s p l i t .  To pos i t ion  t h e  reent ry  body, one-half 

t h e  r ing i s  ro ta ted  20" and removed from t h e  r ing  pivot boss. The r e -  

en t ry  body i s  placed i n  the reminder  of t h e  supporting member with t h e  

r ing  extending through a 76-in.-diam hatch i n  t h e  SLA. 

nection can be used t o  insure  t h a t  t he  reent ry  body i s  held i n  place u n t i l  

t h e  r ing half  i s  replaced and t h e  r ing coupling b o l t  i s  securely t ightened.  

A temporary con- 

The impetus t o  pivot t h e  support r ing  throi-zgh t h e  spacecraf t  hatch 

must be supplied external ly .  The servo motors a r e  not s ized  t o  provide 

t h i s  movement under a 1-g load; however, the  hinging funct ion of t h e  shaf t  

between t h e  servo motors i s  u t i l i zed  t o  permit t h i s  ro ta t ion  of t h e  sup- 

por t  r ing .  
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An a l t e r n a t i v e  method of inser t ing  t h e  reentry body i n t o  the  space- 

c r a f t  i s  avai lable .  The s p l i t  r ing could be preclamped t o  the reentry 

body and then positioned so  t h a t  the explosive-bolt j o i n t  could be made. 

This method w w l d  reqc i re  a d i f fe ren t  i n s e r t i o n  and support too l ,  but it 

i s  a p r a c t i c a l  means of loading the e n t i r e  prefueled reentry body. 

5.4.4. Capsule Loading 

The hatch cover on the  SLA must be removed t o  permit inser t ion  of 

t h e  f u e l  capsules i n t o  t h e  reentry body attached t o  the launch vehicle.  

The reentry body i s  temporarily pivoted through t h e  opening (shown i n  

Fig.  5.10) by an external  mechanism. One-half t h e  s p l i t  support r ing  i s  

removed, and t h e  reentry body i s  held t o  the  other  half  of t h e  r ing  w i t h  

an a u x i l i a r y  clamp. 

Removal of t h e  r ing  segment exposes t h e  capsule tube holders t o  t h e  

fuel-loading machine. The capsules are inser ted  i n t o  t h e  holders, the  

end caps a r e  attached, and a crimped seam i s  provided t o  secure t h e  cap- 

su les .  After t h e  r i n g  sect ion i s  replaced, t h e  a u x i l i a r y  clamping force 

i s  removed, t h e  body i s  swung back i n t o  place i n  t h e  vehicle, and a t i e -  

down i s  made t o  r e s t r a i n  t h e  reentry body during launch. 

is secured t o  complete t h e  loading operation. 

The SLA hatch 

5 . 4 . 5 .  Decoupling Method 

Dependable and fast  metal severance i s  required f o r  removing any 

temporary connections or tiedowns, for a c t i v a t i n g  t h e  orbital-recovery 

scheme, f o r  opening t h e  SLA hatch i n  t h e  event of an abort ,  and for j e t -  

t i soning  t h e  abort  rockets after o r b i t  i s  achieved. The controlled-burning 

explosive hexanitrosti lbene (KNS) i s  specif ied f o r  these  functions.  I n  

addi t ion  t o  severance, HNS can supply s u f f i c i e n t  t h r u s t  t o  separate t h e  

severed pieces.  The design of the region containing the compound i s  shown 

i n  Fig.  5 .2 .  The explosive cord i s  trapped i n  an  unsealed cavi ty .  When 

t h e  HNS i s  igni ted,  it a c t s  as a cu t t ing  torch  on the  member  where it i s  

attached. 

t o  prevent damage t o  adjacent surfaces . )  

(The s lag  f r o m t h e  cu t t ing  ac t ion  i s  caught i n  a s i m i l a r  cav i ty  

The combustion gases expapd i n t o  
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t h e  volume formed by t h e  two c a v i t i e s ,  and t h e  pressure buildup produces 

a t h m s t  t o  e j e c t  t h e  severed p a r t .  

The ign i t ion  source f o r  t h e  HNS i s  t h e  standard Apol lo- in i t ia tor  

(SAI) system with a 99.9% ca lcu la ted  r e l i a b i l i t y  and a confirmed 90% re -  

l i a b i l i t y .  

i n  a c t u a l  pract ice ,  5 amp i s  frequent ly  used. Experience shows t h a t  0.5 

msec i s  a l l  t h a t  i s  required t o  detonate the  explosive. 

The detonation spec i f ica t ions  are 3.5 amp f o r  10 msec, but ,  

The l i f e t ime  of the  explosive and detonator i s  considered t o  be  a t  

l e a s t  2 years i n  o rb i t ,  subject  t o  cont ro l led  temperature l i m i t s .  For 

HNS t h e  l imi ta t ions  a r e  a short-duration temperature of 350°F and a long- 

term temperature of 150°F. 

A t  termination of t h e  mission, t h e  HNS explosive can be used t o  

separate  the reentry body from the  spacecraf t .  

would contain retrorockets ,  radio beams, e t c .  could be provided and a t -  

tached t o  the  support-ring groove f o r  re turn  and recovery of t he  i so topic  

heat source i f  t h i s  method of d i sposa l  were desired.  

A reent ry  package t h a t  

5.4.6.  Abor t  Measures 

Abort schemes a r e  in tegra ted  i n t o  t h e  Brayton-cycle heat-source de- 

s ign t o  assist recovery operations before  any fuel-capsule  damage occurs. 

These abort  devices a re ,  however, not required t o  funct ion as mandatory 

mechanisms t o  guarantee t h a t  no radioisotopes a r e  re leased.  

methods a r e  incorporated as a backup means f o r  shor t  periods of time t o  

allow other  measures t o  be taken. 

I n t r i n s i c  

Aborts t h a t  occur during the  launch phase a r e  handled by abort  rockets  

a t tached t o  t h e  reentry-body support r ing .  

5 . 8 )  a r e  capable of de l iver ing  18,000 l b  of t h r u s t ,  which will propel t he  

reent ry  body 194 f t  from t h e  vehicle.  

following: 

t h e  reentry body from swinging i s  severed, ( 3 )  t h e  rockets a r e  f i r e d ,  and, 

( 4 )  as t h e  rockets pivot t h e  reent ry  body through t h e  hatch opening, t h e  

explosive b o l t s  on t h e  support r i ng  .are detonated. 

nected last t o  give t h e  abort  rockets  enough time t o  bui ld  up s u f f i c i e n t  

t h r u s t  so  t h a t  t he  reentry body w i l l  not f a l l  in s ide  t h e  SLA. 

These rockets (shown i n  Fig.  

The operat ional  sequence i s  t h e  

(1) t h e  SLA hatch i s  blown, (2 )  t h e  temporary tiedown t o  keep 

The b o l t s  a r e  discon- 

The pivot ing 



a c t i o n  w i l l  a l s o  give an upward t r a j ec to ry ,  which will increase t h e  dis-  

tance  t raveled.  

within t h e  reentry-body support r ing and they a r e  s e t  a t  an angle so  t h a t  

t h e  exhaust i s  not d i rec ted  s t , ra lght  back at  t h e  reent ry  body. T h i s  method 

of mounting w a s  used i n  order t o  keep t h e  required diameter of the hatch 

i n  t h e  SLA t o  a minimum. However, if it i s  f eas ib l e  t o  increase t h e  SLA 

hatch diameter, it may be preferable  t o  a t t a c h  t h e  abort  rockets t o  t h e  

edge of t h e  reentry-body support ring so t h a t  t h e  exhaust can be d i rec ted  

s t r a i g h t  backward f o r  maximum th rus t  perf o m n c  e. 

A s  indicated i n  Fig. 5.8 t h e  abor t  rockets a r e  mounted 

I n  t h e  case of f a i l u r e  of t he  launch abort  scheme, t h e  backup pro- 

t e c t i o n  i s  t h e  Be0 heat-storage capacity included i n  the  reentry body. 

The Be0 w i l l  r e t a rd  t h e  capsule temperature r ise u n t i l  a mechanical means 

of dispers ing t h e  debris  and recovering the reent ry  body i s  effected (e.g., 

during a launch-pad f i r e ) .  

and t h e  launch abort  scheme a l s o  f a i l s ,  t h e  Be0 w i l l  r e t a rd  t h e  tempera- 

tures u n t i l  t h e  launch vehicle  falls i n t o  water. Immersion i n  water w i l l  

cause t h e  f u e l  capsules t o  reach an equilibrium temperature approximately 

100°F above t h e  ambient water temperature. 

I f  t h e  launch vehicle  f a i l s  t o  obtain o r b i t  

After o r b i t  has been established, t h e  SLA, abort  rockets,  and t e m -  

porary tiedown holding the reentry body a r e  severed and je t t i soned .  The 

normal mode of operation fo r  t h e  heat source-heat exchanger system i s  

ac t iva t ed  or t he  emergency mode of deploying t h e  reent ry  body i s  i n i t i a t e d .  

I f  t h e  motor-driven deployment mechanism fails ,  t h e  Be0 heat-storage mate- 

r ial  w i l l  s u s t a in  the  f u e l  capsules t o  allow t h e  deployment mechanism t o  

be operated manually. I n a b i l i t y  t o  manually operate the  mechanism would 

requi re  t h a t  t h e  explosive HNS on t h e  reentry-body support r i ng  be deto- 

nated. 

vide a t h r u s t  t o  separate  t h e  pieces i n  o r b i t .  

This ac t ion  would sever t he  r een t ry  body from t h e  system and pro- 

5.5. Materials 

Component mater ia ls  for t h e  heat source a r e  divided i n t o  two ca t e -  

gor ies  : s t r u c t u r a l  and nonstructural .  The s t r u c t u r a l  items a r e  fabr ica ted  

from e i t h e r  aluminum, titanium, s t a i n l e s s  s t e e l ,  or Cb-l$ Z r .  The non- 

s t r u c t u r a l  components are t h e  reentry a b l a t i v e  protect ion,  thermal 
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insu la t ion ,  emissivi ty  coating, Be0 heat-storage mater ia l ,  L i H  shielding,  

and f u e l  capsules. 

perature ,  compatibil i ty problems, and weight of t h e  s t rength  member. 

The choice of mater ia l  depends on t h e  operating tem- 

The ab la t ion  protect ion i s  a low-density phenolic-nylon ab la t ive  

coating with a spec i f ic  weight of 36 lb / f t3  and thermal conduct ivi ty  a t  

100°F of 0.05 Btu-ft/hr.ft2.OR ( see  Ref. 38 f o r  add i t iona l  physical  prop- 

e r t y  d a t a ) .  The coating i s  cemented t o  t h e  reentry-body s t r u c t u r a l  s h e l l  

with a f l e x i b l e  bond, RTV-60. This bond has a long-term high-temperature 

l i m i t  of 325"F, which i s  w e l l  above the  ca lcu la ted  design value of 53 t o  

175°F. 
Heat losses  from the source are minimized by thermally in su la t ing  

t h e  hot zone with 2 i n .  of Superinsulation, which i s  a r e f l e c t i v e  type.  

T h i s  mater ia l  i s  a highly evacuated mult iple- layer  system of meta l l ic  re -  

f l e c t o r s  w i t h  ceramic woven spacers,  and t h e  composite f o r  t h i s  p a r t i c u l a r  

appl ica t ion  i s  1-mil-thick sheets  of tantalum and 15-mil mats of quartz 

f i b e r s  with a weave pa t t e rn  t o  give 96% voids. 

The estimated thermal conductivity of t h e  composite i s  2.4 X 

Btu-f t /hr . f t2  .OF w i t h  2000°F on t h e  hot surface and 100°F on t h e  cold 

surface.  This conductivity value f o r  2 i n .  of i n su la t ion  i n  t h e  reent ry  

body has been used i n  t h e  ca lcu la t ions  of temperature d i s t r i b u t i o n .  

One inch of Superinsulation w i t h  t h e  same mater ia l  construct ion a l s o  

surrounds the heat exchanger equipment. The two sec t ions  of i n su la t ion  

form a labyrinth seal a t  t h e  reent ry  body-heat exchanger c i rcumferent ia l  

junction t o  provide a completely enclosed insu la ted  volume. 

s e a l  i s  a r e l a t i v e l y  ine f f i c i en t  t h e r m 1  barrier, but t h i s  arrangement i s  

necessary t o  permit t h e  f u e l  plate-reentry body assembly t o  pivot  away 

from the  heat exchanger i n  t h e  emergency heat r e j ec t ion  mode of operation. 

Tantalum-quartz compatibi l i ty  problems may e x i s t  i n  the 2000°F range where 

t h e  system is t o  operate.  However, o ther  ceramic spacers, such as potas- 

sium t i t a n a t e ,  c a  be subs t i tu ted  i f  f u t u r e  experimental work ind ica tes  

t h a t  a compatibil i ty problem does e x i s t .  

The l abyr in th  

The radiant heat t r a n s f e r  between t h e  f u e l  p l a t e  and heat exchanger 

i s  enhanced by a coating of i ron  t i t a n a t e  on a l l  surfaces  within t h e  

insu la ted  volume. The coating has demonstrated a t o t a l  hemispherical 



emissivi ty  when deposited on a Cb- ls  Zr a l l o y  tube of grea te r  than 0.8 

a f te r  10,000 h r  of operation a t  1700°F i n  a vacuum.39 

The heat-storage capaci ty  of Be0 i s  u t i l i z e d  i n  t h e  design t o  exer- 

c i s e  t r ans i en t  temperature control .  Pie-shaped segments of pressed Be0 

a t  80% of t h e o r e t i c a l  dens i ty  a r e  f i t t e d  i n t o  the  spaces between the  

Cb-l$ Zr ribs.  

design by changing t h e  thickness  o f  t h e  segments. I n  t h e  t r ans i en t  tem- 

perature  ana lys i s ,  t he  major physical properties4'  are held constant a t  

10 Btu-f t /hr . f t2 . 'F  f o r  t h e  conductivity, 0.5 Btu/lb."F f o r  t h e  heat 

capacity,  and a t o t a l  hemispherical emissivi ty  of 0.32. These constants  

produce a conservative ana lys i s  of t h e  temperature re ta rda t ion  of t h e  

f u e l  capsules under t r ans i en t  conditions.  

From 100 t o  300 lb of Be0 can be incorporated i n t o  t h e  

The shielding mater ia l  i s  LiH, with a spec i f i c  weight of 46.8 lb/f t3 ,  

and it i s  canned i n  SA 2 4 M P  304L s t a i n l e s s  s t e e l .  

physical  data4' a r e  not used i n  t h i s  preliminary design, but  they  would 

be necessary i n  a f i n a l  design. The fuel-capsule mater ia ls  and fabr ica-  

t i o n  a r e  discussed i n  Section 3. 

Other per t inent  

The design temperatures of 2000°F f o r  t he  f u e l  capsules and 1500°F 

at t h e  gas o u t l e t  r e s t r i c t  t h e  choice of s t r u c t u r a l  mater ia ls  within t h e  

insu la ted  volume. These pa r t i cu la r  conditions a r e  about a t  t h e  borderl ine 

between a superalloy and a re f rac tory  a l l o y  construction, but a r e f r ac to ry  

a l l o y  w a s  chosen f o r  an ex t ra  margin of sa fe ty .  A Cb-l$ Zr a l l o y  w a s  se- 

lec ted ,  s ince t h i s  m t e r i a l  most nearly q u a l i f i e s  as an engineering mate- 

r ial  among t h e  various re f rac tory  a l loys .  It a l s o  has a low spec i f i c  

weight and reasonably good welding and oxidat ion-resis tance cha rac t e r i s -  

t i c s .  The master Larson-Miller plot i n  Fig.  3.16 i s  used t o  obta in  de- 

s ign  s t r e s s  values f o r  s i z ing  members. The thermal proper t ies  used i n  

t h e  temperature analyses a r e  40 Btu-f t /hr . f t* - 'F  and 0.07 Btu/lb."F f o r  

t h e  conductivity and heat capacity, respect ively.  

The in su la t ing  c a p a b i l i t i e s  o f  Superinsulation a r e  s u f f i c i e n t  t o  per- 

m i t  aluminum t o  be u t i l i z e d  i n  the reent ry  body. 

temper se lec ted  i s  6061-T6 with a minimum y i e l d  s t r e s s  of 32,000 p s i  from 

0 t o  210°F. 

temperature analyses; however, a n  i ron  t i t a n a t e  emissivi ty  coating i s  used 

on a l l  rad ia t ing  surfaces.  The specif ic  weight of aluminum w a s  the  

The composition and 

The i n t r i n s i c  thermal proper t ies  a r e  inconsequential  i n  t h e  
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dominant fac tor  i n  i t s  se lec t ion  over t i tanium, which i s  used i n  the  

s t r u c t u r a l  support frame. 

t i tanium with a minimum y ie ld  s t r e s s  of 60,000 p s i  from room temperature 

t o  300°F. 

sign, bu t  they would have t o  be considered i n  a f i n a l  design. 
emissivi ty  coating i s  spec i f ied  t o  increase temperature d i f f e r e n t i a l s  be- 

tween t h e  insulat ion and the  frame. 

The support framing i s  fabr ica ted  from unalloyed 

The thermal proper t ies  were disregarded i n  t h e  preliminary de- 

No r ad ia t ive  

5.6. S t r e s s  Analysis 

I n  t h i s  preliminary design, an elementary approach of bracketing t h e  

s t r e s s  l i m i t s  has been used t o  s i z e  t h e  l a r g e r  and heavier s t r u c t u r a l  mem- 

bers .  A s e r i e s  of s t r ingent  conditions w a s  appl ied t o  t h e  c r i t i c a l  items 

of t he  components, and the  highest  s t r e s s  l e v e l  ca lcu la ted  determined t h e  

dimensions. For t h i s  study the  determinations were based on (1) a 10-g 

maximum accelerat ion force  as t h e  launch, abort ,  o r  recovery load and 

( 2 )  an allowable s t r e s s  l e v e l  of 90% of t h e  y i e ld  s t r e s s  value.  

l e s s e r  importance were estimated f o r  dimensional conformity with t h e  r e -  

mainder of t h e  s t ruc tu re .  

Pa r t s  of 

Pressure s t r e s ses  f o r  a 26-psi gas pressure i n  t h e  heat exchangers 

were calculated f o r  t he  tubular  shapes by t h e  usual  equations. 

s t r e s s e s  were approximated by s implif ied models of p l a t e  and s h e l l  solu-  

t ions.  

The header 

The m e t a l  thicknesses used f o r  heat exchanger tubes and headers were 

se lec ted  for  formabil i ty  r a the r  than stress l eve l s .  Thinner mater ia l  

would be adequate f o r  t he  tubes, s ince t h e  design c r i t e r i o n  i s  1% creep 

i n  5 years;  however, forming thinner-wall  mater ia l  i n t o  complicated geo- 

metr ical  shapes i s  considered marginal without demonstrated proof. The 

c r i t e r i o n  of 1% creep i n  5 years r e s u l t s  i n  an allowable s t r e s s  a t  1500°F 
of 1500 psi .  A comparison of t h e  s t r e s s  values i n  Table 5 . 1 w i t h  t h e  

1500-psi allowable value shows t h a t  t h e  s t r e s s e s  a r e  below this l i m i t ,  

except those f o r  t he  i n l e t  headers. The amount of bracing required t o  

reduce t h e  i n l e t  header s t r e s s e s  t o  t h e  allowable value depends on t h e  

temperature-dependent allowable s t r e s s ,  which i s  higher than the  1500'F 
value because the  i n l e t  temperature i s  much lower. 
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Table 5.1. Stresses  Due t o  Gas Pressure 

Heat exchanger 

Involute  tubes 750 
I n l e t  headers (with i n t e r n a l  bracing)  1500 
Outlet  headers 1000 
Heat exchange i n l e t  and o u t l e t  450 

1500 Aliowable stress f o r  1% creep i n  50,000 hr  

5.7. Component Weight Breakdown 

The predicted weights of t he  subassemblies a r e  given i n  Table 5.2, 

and a breakdown of t h e  1300-lb reentry-body weight i s  given i n  Table 5.3. 

The reentry body i s  t h e  l a rges t  s i n g l e  cont r ibu tor  t o  t h e  radioiso-  

tope heat-source system weight (50%) and the  e s s e n t i a l  p a r t s  ( fue l ,  insu- 

l a t ion ,  reentry-body she l l ,  and ab la t ive  coat ing)  account f o r  73$ of i t s  

t o t a l  weight. 

t h e  p a r t i c u l a r  design selected,  ard changing the  design could appreciably 

a l te r  t h e i r  t o t a l  weight. 

The weights of s t r u c t u r a l  members a r e  c lose ly  r e l a t ed  t o  

Table 5.2.  Weights of Subassemblies 

Reentry body 1300 
Abort rockets and support r ing  120 
Heat exc hang e r  3 90 
Shield 660 
St ruc ture  150 
Servos 50 

T o t a l  2670 

Spec i f ic  weight ,  110 lb/kw(th) 
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Table 5.3. Weights of Reentry-Body Components 

Fuel 

Tubes, c l i p s ,  end caps, e t c .  

Support -p la te  s t ruc tu re  

B e0 

Central  b o l t  

Super in s  u l a t  ion 

Connectors between support-plate s t ruc tu re  

Reent ry-body s h e l l  

Ablative coating 

and reentry-body s h e l l  

Total 

700 

150 
100 

100 

10 

35  

95 

75 

35 

1300 
- 

Thir ty- three per cent of t h e  weight of subassemblies i s  d i r e c t l y  

a t t r i b u t a b l e  t o  sa fe ty  considerations (nuclear  rad ia t ion  shield,  launch 

abort  scheme). 

fea tures  a r e  approximately 83s  of t h e  spec i f i c  weight of 110 lb/kw(th). 

The combined weight f r ac t ions  of reent ry  body and sa fe ty  

5.8.  Reentry Charac te r i s t ics  

The safe reentry of t h e  heat source without loss  of f u e l  containment 

The values of t h e  important has been s t ressed i n  the  heat-source design. 

reent ry  parameters f o r  t h i s  design a r e  given i n  Table 5 .4 .  

T h e  terminal b a l l i s t i c  coef f ic ien t  of 7$ r e s u l t s  i n  an impact ve loc i ty  

The center-  of 250 f p s  and a c ra t e r ing  depth of about 6 i n .  i n  s o f t  ear th .  

of -gravi ty  locat ion i s  s l i g h t l y  behind t h e  conical  sect ion,  but the  sepa- 

r a t i o n  of center  of grav i ty  and cen te r  of pressure i s  about 38 i n .  

i n e r t i a l  r a t i o  of 1.86 approaches t h e  t h e o r e t i c a l  value of 2 f o r  a disk,  

and t h i s  high value insures  that the'  reen t ry  body w i l l  not o s c i l l a t e  be- 

tween a spinning and tumbling mode. 

ment on the  back-side of t h e  reent ry  body (Fig.  2 . 1 )  provides asyrmnetry 

The 

A 2- in .  by 180" r igh t ing  member seg- 
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Table 5 .4 .  Reentry-Body Propert ies  

Weight, l b  

With 35-lb ab la t ive  coating 
After reent ry  (30 l b  l o s t )  

Base diameter, i n .  

With ab la t ive  coating 
S t ruc tura l  s h e l l  

Distance forward of capsule centers  t o  center 

I n e r t i a l  propert ies  

of gravity,  i n .  

I,, spin, s lug- f t2  
It, tumble, s lug- f t2  
Is./% 

Terminal b a l l i s t i c  coeff ic ient  

Hypervelocity b a l l i s t i c  coeff ic ient  

1300 
1270 

63 
58 

2 

93.54 
50.00 
1.87 
78 

40 

so t h a t  t h e  reentry body does not have a metastable pos i t ion  f o r  reentry 

i n  a backward d i rec t ion .  It also assures  t h a t  t h e  a b l a t i v e  coating i s  

forward s o  tha t  it functions properly. 

The blunted-cone shape for the reentry body w a s  chosen as a r e s u l t  

of phase I work, which indicated that  t h i s  shape would 5e  s t a b l e  i n  t h e  

forward d i rec t ion  and could be designed t o  have a s u f f i c i e n t l y  low f r o n t a l  

impact loading t o  prevent b u r i a l .  It i s  important t h a t  t h e  reentry body 

s t a b i l i z e  i n  a forward d i rec t ion  before reentry heating becomes s i g n i f i -  

cant.  The fue l -p la te  assembly, located at t h e  r e a r  of the reentry she l l ,  

i s  unprotected and could not be expected t o  remain i n t a c t  i f  d i r e c t l y  

exposed t o  t h e  airstream. 

P. J. Bobbitt of the NASA-Langley Research Center has made preliminary 

motion and heating  calculation^^^ t o  describe t h e  expected reent ry  behavior 

of a body corresponding t o  the phase I1 design. 

coeff ic ient  used f o r  t h e  calculat ions (M/C A = 1.645 s lugs / f t2  

i s  somewhat higher than t h a t  obtained i n  t h e  f i n a l  phase I1 design 

(W/CDA = 40 l b / f t 2 )  which tends t o  make t h e  heating r a t e  values s l i g h t l y  

pessimist ic .  I n  t h e  parenthet ical  expressions above, M i s  mass i n  slugs,  

C i s  drag coef f ic ien t ,  A i s  drag area,  and W i s  weight i n  pounds. The 

The hypersonic b a l l i s t i c  

53 l b / f t 2 )  D 

D 



calculat ions were made f o r  i n i t i a l  tumbling r a t e s  of 0, 0.1, 0 .2 ,  and 1.0 

radian/sec and a reentry angle of 10" a t  26,000 f p s .  Figures 5.11 through 

5.14 a r e  p lo ts  of t he  r e s u l t s  showing heat ing r a t e  ( Q ) ,  equilibrium t e m -  

pera ture  at t h e  center  of the  back surface of t he  f u e l  p l a t e  (TS) ,  and 

angle of a t tack ( a )  versus t i m e  and a l t i t u d e .  

en t ry  body makes a complete revolution before s t a r t i n g  i t s  o s c i l l a t o r y  

motion only i n  the  case of the 1.0 radian/sec i n i t i a l  tumbling r a t e  and 

t h a t  t he  heating r a t e  a t  the t i m e  the  revolut ion occurs does not cause any 

fue l -p l a t e  temperature problem. The fue l -p l a t e  temperature curves a re  

equilibrium values but do not take i n t o  account t h e  thermal conduction 

along t h e  body, which w i l l  cause the  ac tua l  temperatures t o  be l e s s  than 

The data show t h a t  t he  re -  
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those shown. 

t h e  angle o f  a t t ack  corresponding t o  the  p a r t i c u l a r  temperature value long 

enough t o  reach equilibrium, while i n  a c t u a l  p rac t i ce  the  body i s  o s c i l -  

l a t i n g  and does not reach equilibrium. 

pess imis t ica l ly  u n r e a l i s t i c  f o r  an ea r th  o r b i t a l  mission, and angles of 

2 t o  3" are probably l a r g e r  than would be expected. A t  a reentry angle 

of 2.5" ,  t h e  maximum heating r a t e  i s  about one-half t h a t  ca lcu la ted  f o r  

lo", and the maximum angle of a t t ack  a t  peak heat ing i s  reduced t o  about 

5 5 " .  Under these conditions, t he  peak equilibrium temperature a t  the 

center  o f t h e  base i s  only about 2700 t o  2800"R. 

Also, t h e  equilibrium values a re  based on the  body being a t  

A reentry angle of 10" i s  probably 
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During t h e  i n i t i a l  o sc i l l a to ry  phase of t h e  reent ry  when t h e  body i s  

at angles of a t t a c k  between 180" and 60 t o  70°, the  heating r a t e s  a t  t h e  

edge of the  base w i l l  be higher than those ca lcu la ted  f o r  t h e  cen te r  of 

t h e  base. 

whether t h e  ab la t ive  coating i n  t h i s  region needs t o  be thickened beyond 

t h e  2.5 i n .  shown i n  t h e  phase I1 design. It may be noted from Figs .  5.11 

through 5.14 t h a t  t h e  computer runs were terminated while the heating r a t e  

curve (6,) w a s  s t i l l  following a s teep upward slope. However, an extension 

of t h e  zero tumbling r a t e  case indicated t h a t  t h e  maximum Q i s  about 

145 Btu/ft*.sec,  which is only s l i g h t l y  above t h e  point  where t h e  computer 

runs were terminated. 

Additional calculat ions and experiments a r e  needed t o  determine 

The s t a b i l i t y  of t h e  reentry body i n  t h e  subsonic terminal phase has 

not been evaluated but, with t h e  cen te r  of g rav i ty  so f a r  af t ,  it i s  ex- 
pected t h a t  t h e r e  a r e  some types of i n i t i a l  en t ry  conditions t h a t  might 

l ead  t o  tumbling i n  t h e  terminal  phase. 

tunnel or a i rp lane  drop t e s t s  a r e  needed t o  determine whether it w i l l  be 

necessary f o r  subsonic s t a b i l i t y  t o  s h i f t  t h e  center  of grav i ty  of t h e  

reent ry  package forward by dishing the  f u e l  p l a t e  i n  a forward d i r ec t ion ,  

extending t h e  s k i r t ,  o r  adding weight t o  t h e  nose of the  blunted cone. 

Computer s tud ies  coupled with 

5 .9 .  Heat Transfer and F l a -  h i a l y s i s  

The major port ion of t h e  heat t r a n s f e r  evaluations involves rad ian t  

exchange of energy, coupled with contr ibut ions from conduction. All 
rad ian t  heat t r a n s f e r  i s  t r e a t e d  i n  a general  manner, although it i s  de- 

pendent on surface propert ies ,  geometry f ac to r s ,  area,  and temperatures. 

All surfaces  were considered t o  have an  abso rp t iv i ty  and emissivi ty  of 

0.8, which i s  cons is ten t  with an  i ron  t i t a n a t e  coat ing.  

f a c t o r s  were average values ra ther  than in tegra ted  values over t he  sur-  

faces ,  and the  important a r ea  w a s  considered t o  be t h e  prime r ad ia to r  

surface.  The temperatures were calculated with these generalized values 

f o r  a 25 kw(th) heat source seeing an average temperature sink. 

The problem w a s  s implif ied fur ther  by assuming i n f i n i t e  planes and 

a uniform heat f l u x  i n  order  t o  reduce t h e  ca lcu la t ions  t o  a two-dimen- 

s iona l  heat t r a n s f e r  model. 

The geometry 

Many of t he  ca lcu la t ions  were performed with 
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t h e  IBM 360 computer by using re laxa t ion  techniques; t h e  remainder were 

made with a desk ca l cu la to r  i n  a t r i a l - and-e r ro r  method so lu t ion  or were 

d i r e c t  calculat ions,  whichever w a s  appropriate .  

5.9.1. Fuel Capsule 

The multi layer capsule construct ion and tubular  holder are depicted 

schematically i n  Fig.  5.15 f o r  co r re l a t ion  with t h e  temperature d i s t r i b u -  

t i ons  given i n  Tables 5.5 through 5.9. The t a b l e s  of cons t i tuent  tempera- 

t u r e s  exhibit  t h e  ci rcumferent ia l  deviat ions that r e s u l t  from heat removal 

from only one-half t h e  holder surface (270 t o  90°)  t o  various s ink tem- 

peratures .  The temperature d i s t r i b u t i o n s  a r e  symmetrical about t h e  0 t o  

180" diametr ical  l i n e ,  and t h e  t a b l e s  a r e  correspondingly shortened t o  

r e f l e c t  t h i s .  

ORNL-OWG 67-4272OA 

PuO2 FUEL REGION 
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Fig. 5.15. Pu02 Capsule Components f o r  Temperature Dis t r ibu t ion  
Analysis . 
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The primary wall temperature variations are approximately 35°F for 

all the heat sink temperatures, which reduces the magnitude of the capsule 
stress analysis by permitting a constant-wall-temperature assumption. The 
circumferential temperature differential of the tubular capsule holders 

varies from125 to 100°F over the heat sink temperature range of 0 to 

1900°F. 
the tubes due to thermal stresses, but they are adequately held to limit 

warpage. 

These differentials are sufficient to cause a minor warping of 

The maximum fuel capsule surface temperature is plotted in Fig. 5.16 
for the heat sink temperature range. 

at the lower heat sink temperatures (i.e., the heat sink temperature is 
not important). As would be anticipated, the higher temperatures follow 
an approximately linear relationship. 

The curve has the expected trend 

5.9.2. Heat Exchanger 

Analysis of the heat exchanger tubing for pressure loss and heat 
transfer utilizes the expressions developed from basic assumptions .’ 
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Fig. 5.16. Maximum Capsule Surface Temperature for Opposing Disks 
as Radiator and Receiver in a 25-kw Heat Source. 
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Simple modifications of mass flow r a t e  and Prandt l  number a r e  required 

t o  convert from argon t o  t h e  helium-xenon mixture. The tubing lengths 

were establ ished when t h e  decision w a s  made t o  have approximately equal 

opposing d isks  f o r  t h e  radiator-receiver .  

The r e su l t an t  pressure drops a r e  numerically evaluated with addi- 

t i o n a l  correct ions f o r  t h e  involute curvature42 and equivalent lengths  

of s t r a i g h t  tube f o r  t h e  bends. The i n l e t  and e x i t  losses  a r e  r e s t r i c t e d  

t o  one-half the  theo re t i ca l  maximum combined value t o  remain within t h e  

guidel ine of 3% AP/P. 

be contoured, which i s  possible  in t h e  design. 

T h i s  r e s t r i c t i o n  requires  t h a t  t h e  i n l e t s  and e x i t s  

The heat t r a n s f e r  coef f ic ien t  i s  approximately 300 Btu /h r - f t2  "F f o r  

e i t h e r  coolant i n  i t s  respect ive tube s i ze .  

argon a r e  standard values; t h e  ones f o r  t h e  helium-xenon mixture a r e  c a l -  

culated values4' based on t h e  mole f r ac t ions  and cons t i tuent  proper t ies .  

The physical  p roper t ies  of 

The circumferent ia l  temperature d i s t r i b u t i o n  o f  t h e  heat exchanger 

tubing w a s  estimated t o  be one-half t ha t  ca lcu la ted  f o r  the  fuel-capsule 

holders.  

f l a t  p l a t e s  with a nonabsorbing medium between them. No conduction Is 

assumed i n  t h e  maximum deviation of about 50°F and t h e  average value of 

about 25°F. 

This estimate i s  based on rad ia t ion  energy t r a n s f e r  from p a r a l l e l  

5.9.3. Operating Temperatures 

The gas en ters  the  heat exchanger a t  1089°F and e x i t s  a t  1500°F i n  

the  normal operating mode. The average gas temperature i s  1294"F, t h e  

gas f i lm  drop i s  300"F, and t h e  average w a l l  temperature va r i a t ion  i s  

25°F. 
average capsule (determined from Fig. 5.16) w i l l  have a maximum surface 

temperature of approximately 1940°F. The capsules t r ans fe r r ing  heat t o  

t h e  e x i t  gas temperature could have a maximum surface temperature of 

2100°F f o r  a uniform heat flux. The rad ia tor - rece iver  surfaces  a r e  ac-  

t u a l l y  separated by 5 i n .  t o  permit a nonuniform heat f l u x  s o  that an 

almost f l a t  temperature p r o f i l e  w i l l  e x i s t  over t h e  r ad ia to r  and rece iver  

surfaces .  

These addi t ions  make t h e  average s ink  temperature 1619"F, and t h e  

The launch pad and o r b i t a l  emergency mode cooling w i l l  see  a constant 

l o w  s ink temperature. The s ink temperature i s  immaterial, s ince  it has 
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l i t t l e  e f f ec t  on the  maximum capsule surface temperature of approximately 

1450°F f o r  these e s s e n t i a l l y  uniform heat f l ux  condi t ions.  

The temperatures of t h e  various p r t s  of t he  reent ry  body a r e  sum- 

marized i n  Fig. 5.17. The s ign i f i can t  temperatures here  a r e  those i n  t h e  

a rea  of t h e  HNS and t h e  RTV-60 ab la t ive  adhesive; however, these  tempera- 

t u re s  a r e  w e l l  within t h e  l i m i t s  imposed f o r  both shor t -  and long-term 

operating temperatures. 

OWL-DWG 66-12719 

Temperature ( O F )  

N o r m a l  Mode kflergency Mode Launch-Pad 
of Operation of Operation' Operation 

Material  Locat ion  

Fuel assembly 1 1735 1150 1400 

Insu la t ion  2 154 104 266 

R e  ent ry -b ody 
s t r u c t u r e  

3 
4 

1 2 1  
92 

Reent ry-body 5 17  
ab la t ive  coating 

77 189 
53 175 

5 130 

Heat s ink  -20 -20 100 

Fig.  5.17. Reentry-Body Temperature Dis t r ibu t ion .  
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The temperatures of t h e  insu la t ion  surrounding t h e  heat exchangers 

are 1800°F on the  hot surface and100"F on t h e  co ld  s ide  during normal 

o r b i t a l  operating condi t ions.  

respect ively,  on the  lalmch pad. 

These temperatures a r e  1450 and 150°F, 

The heat losses  f r o m t h e  insulated volume during normal operating 

conditions i n  o r b i t  a r e  50 Btu/hr . f t2  f o r  t h e  heat exchanger in su la t ion  

surface and 20 Btu /hr . f t2  f o r  t h e  recovery vehicle  surface.  

spect ive values a r e  reduced approximately one-third during operation on 

t h e  launch pad. 

by the two insu la ted  subassemblies were a l s o  estimated, and the t o t a l  heat 

l o s ses  a r e  given i n  Table 5.10 f o r  3% pressure drop. Composite values 

show a 4% heat l o s s  i n  t h e  normal o r b i t a l  operating condition and a 2% 

heat l o s s  i n  t h e  launch-pad operating condition. 

The re- 

Corresponding heat l o s ses  from t h e  labyr in th  s e a l  formed 

The t r ans i en t  temperature behavior of t he  f u e l  capsules i s  an impor- 

t a n t  consideration i n  t h e  design, and Be0 w a s  included t o  r e t a r d  t h e  tem- 

perature  r i s e  by providing a heat s ink.  

made f o r  submersion i n  debr i s  from a launch-pad f i r e ,  but t h i s  can a l s o  

be in te rpre ted  f o r  launch pad t o  o r b i t  o r  from normal t o  emergency-mode 

o r b i t a l  operation. 

An ana lys is  of t h e  system w a s  

The major assumption i s  an insulated system above 2000°F. I n  t h e  

f i r e  environment t h e  capsules receive energy untii t h e i r  temperatures 

reach 2000°F. 

correspond t o  t h e  f i r e  immersion a r e  ignored. A correct ion could be made 

f o r  i n i t i a l  capsule temperatures below 2000"F, but  it i s  not important i n  

these in t e rp re t a t ions .  

I n  t h e  other  in te rpre ta t ions ,  t h e  i n i t i a l  3 t o  4 min that 

Table 5.10. Heat Losses from Labyrinth Sea l  

Heat Loss ( k w )  
~ 

From Crack From Insula t ion  

During o r b i t  0.4 0.6 
During launch 0 . 1  0.4 
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I n  Fig.  5.18, t h e  maximum f u e l  temperature, t h e  capsule surface tem- 

perature,  and t h e  Be0 temperature a r e  p lo t t ed  as a funct ion of t i m e  with 

100 l b  of Be0 present .  

t e c t i v e  coat reaches i t s  melting temperature. I n  t h e  f i r e  environment, 

t h i s  point i s  reached a t  66 min, which meets t h e  design guide l ine  of a 

1-hr  submersion i n  a 2000°F f i r e .  

The graph i s  terminated when t h e  platinum pro- 

An in te rp re t a t ion  for a 30-min in se r t ion  i n t o  an e a r t h  o r b i t  reveals  

t h a t  t h e  fue l  capsules reach a to l e rab le  maximum surface temperature of 

approximately 2600°F. Another i n t e r p r e t a t i o n  f o r  deployment of t h e  r e -  

en t ry  body t o  change from t h e  normal t o  t h e  emergency mode of operat ion 
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and Capsule Surface. 
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can be made which shows t h a t  a r e l a t ive ly  slow movement w i l l  not raise 

t h e  maximum capsule surface temperature appreciably.  

The reent ry  body i s  designed t o  accept up t o  300 l b  of Be0 i f  it i s  

des i red  t o  increase the heat capacity fo r  g rea t e r  temperat.ure r e t a rda t ion  

For 300 lb, t h e  terminal b a l l i s t i c  coef f ic ien t  would be 90 and t h e  impact 

ve loc i ty  would be 280 fps ;  for 100 l b  of BeO, these  values a r e  78 and 

250 fps ,  respect ively.  

i s  required before t h e  SLA i s  opened a f t e r  o r b i t  i s  achieved. 

The added penal ty  my be necessary i f  a time l a g  
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6. LOGISTICS OF FUELING 

6.1. Capsule Fueling F a c i l i t y  Requirements 

The primary requirements i n  the  design of a capsule fue l ing  f a c i l i t y  

a re  t h a t  (1) the  radioact ive mater ia l  must be completely contained a t  

a l l  times, ( 2 )  the  rad ia t ion  exposure t o  personnel must be l imi ted  t o  

standard operating l i m i t s  as  imposed by t h e  AEC or ,  i n  some cases, t he  

s t a t e  l icensing agencies, and (3) the  radioisotope f u e l  must be main- 

ta ined i n  a s u b c r i t i c a l  form a t  a l l  times. 

alpha, neutron, and gamma radiat ion,  remote-handling f a c i l i t i e s  provide 

the  most p r a c t i c a l  and l e a s t  hazardous method of containment. 

Since the  plutonium f u e l  emits 

Fig. 6 . 1  shows a basic  f a c i l i t y  t h a t  would be capable of encapsu- 

l a t i n g  25 kw(th) of 238fi02 f u e l  i n  a two-month period. It i s  assumed 

t h a t  t he  2 3 8 ~ 0 2  microspheres would be prepared a t  some other  loca t ion  

and shipped t o  t h i s  f a c i l i t y  for encapsulation. The f a c i l i t y  cons is t s  

o f  seven shielded c e l l s  (1 through 7 i n  Fig.  6.1) equipped f o r  remote op- 

erat ions,  a normal operating ga l l e ry  f o r  personnel, o f f i ces ,  a flame-spray 

area,  a f i n a l  inspection a rea  f o r  t he  unfueled capsules, and s torage areas  

f o r  miscellaneous pa r t s ,  too ls ,  e t c .  A r e s t r i c t e d  work a rea  i n  back of 

the  c e l l s  can accommodate both l i f t  t rucks and personnel f o r  loading and 

unloading c a r r i e r s  i n t o  t h e  c e l l  bank and f o r  removing waste from the  

cel l -block area.  This r e s t r i c t e d  a rea  i s  a l so  an access area f o r  d i r e c t  

maintenance of t h e  c e l l s .  

Each o f  the  seven c e l l s  i s  equipped with a ZnBr;? shielding window, 

which provides shielding equivalent t o  t h a t  of a 2-f t - thick normal con- 

c r e t e  w a l l .  A p a i r  of master-slave manipulators i s  i n s t a l l e d  i n  each 

c e l l  facing the  operating ga l le ry .  

a l l  c e l l s  so t h a t  t he  f u e l  and capsules can be t r ans fe r r ed  from c e l l  t o  

c e l l  remotely. A waste load-out f a c i l i t y  ( loca ted  i n  the  rear of t h e  

middle of the c e l l  block) allows waste from the  cel l -block area  t o  be 

loaded d i r ec t ly  i n t o  a shielded carr ier- loading s t a t i o n  f o r  removal. 

A sealed i n t e r c e l l  conveyor coimects 

Two f e e t  o f  standard concrete (densi ty ,  2.3 g/cm3) i s  provided f o r  

The ins ide  of t h e  c e l l  i s  shielding on the f ron t  and top of the  c e l l s .  
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l i n e d  with s t a i n l e s s  s t e e l  t o  f a c i l i t a t e  decontamination. The two car- 

r ier- loading and -unloading c e l l s  (1 and 7 i n  Fig. 6.1) are s i m i l a r  t o  

t h e  others  except f o r  the  backs of t he  c e l l s .  These two outer  c e l l s  have 

a permanent shielding w a l l  i n  the  r e a r  with a shielded door t h a t  can be 

opened t o  permit d i r e c t  access f o r  c a r r i e r  i n s t a l l a t i o n  and removal. 

c e l l s  a re  14 f t  high and 10  f t  deep; however, only 8 f t  of t he  depth i n  

the  inner  c e l l s  i s  usable f o r  remote operations.  C e l l  widths vary from 

6 t o  9 f t .  

A l l  

This c e l l  design combines the  advantages of remote c e l l  operation 

with the  advantages of d i r e c t  maintenance by u t i l i z i n g  glove p o r t s  and 

the  load-out f a c i l i t y  i n  the  r e a r  of the  c e l l .  

l a t i o n  period, or other  periods of peak r ad ia t ion  leve ls ,  a removable 

1 - f t - th i ck  concrete shielding w a l l  i s  loca ted  a t  t h e  r e a r  of t h e  f i v e  

inner  c e l l s  t o  provide addi t iona l  rad ia t ion  pro tec t ion .  I f  equipment 

malfunction should occur and d i r e c t  access i s  required, t h e  f u e l  and cap- 

su l e s  would be removed from the  c e l l  through the  i n t e r c e l l  conveyor, the 

c e l l  would be decontaminated t o  a low l eve l ,  and the  sh ie ld ing  w a l l  i n  

t h e  r e a r  would  be removed so t h a t  access t o  t h e  c e l l  could be made through 

the  glove por t s .  

t he  c e l l s  i n  t h i s  manner. 

During the  f u e l  encapsu- 

Capsules and other  small  objects  would be passed i n t o  

A l l  operations are  ca r r i ed  out under a t  least double containment t o  

insure  tha t  there  w i l l  be no spread of  contamination t o  t h e  surroundings. 

A f t e r  f u e l  i s  removed from the  shipping container,  the  c e l l s  provide the  

f i r s t  l i n e  of containment, and they a re  maintained a t  a s l i g h t l y  negative 

pressure r e l a t ive  t o  the  bui lding i t s e l f .  A i r  flow i s  only i n  one d i -  

r ec t ion  - toward the  c e l l s .  Since t h e  f i e 1  w i l l  be i n  the  microsphere 

form (shown by Mound Laboratory t o  contain the  a c t i v i t y  well, wi th  very 

l i t t l e  smearable a c t i v i t y  de tec tab le) ,  a second containment glove box 

within the  c e l l ,  which i s  a common p rac t i ce  with alpha-radiation-emitt ing 

mater ia ls ,  i s  not considered necessary. The building, which i s  t h e  sec- 

ond l i n e  of containment, i s  maintained a t  a s l i g h t l y  negative pressure 

r e l a t i v e  t o  t he  outs ide atmosphere. 

ing entrances. 

A i r  locks a re  located on a l l  build- 

For normal operation i n  a remote c e l l ,  t h e  rad ia t ion  l e v e l  should 

be maintained a t  l e s s  than 1 mrem/hr on t h e  operating f r o n t  of the  c e l l  



or ,  i n  case of a maximum source o f  rad ia t ion  f o r  a sho r t  per iod of t i m e ,  

a t  approximately 3.0 mrem/hr. 

i s  based on the  maximum amount of f u e l  i n  a c e l l  a t  one time being l imi ted  

t o  t e n  capsules per  c e l l  o r  approximately 2830 g of 238Pu. However, t he  

r ad ia t ion  shielding i s  based on a value t h a t  i s  double t h i s  "normal" 

l i m i t ,  o r  20 capsules (5660 g of 238Pu), since delays might occur during 

processing t h a t  would result i n  a buildup of mater ia l  i n  one p a r t i c u l a r  

c e l l .  

c a r r i e r  loading and unloading c e l l s  (1 and 7 of Fig. 6.1), which w i l l  

handle up t o  40 capsules a t  one time. 

i n  t h e  equipment f o r  these c e l l s  t o  l i m i t  the  t o t a l  rad ia t ion  dose r a t e s  

t o  the  1- t o  3-mrem/hr values. 

The bas ic  operating plan f o r  t h i s  f a c i l i t y  

The only exception t o  t h e  ten-capsule l imi t a t ion  w i l l  be i n  the  

Extra  shielding w i l l  be provided 

Since the  plutonium fuel emits alpha, gamma, and neutron radiat ion,  

a l l  t h ree  types of r ad ia t ion  have t o  be considered. A l l  c e l l s  w i l l  have 

alpha-type sea l ing  t o  prevent the re lease  of a c t i v i t y  t o  other  c e l l s  o r  

t o  the  building i t se l f .  The shielding requirements a re  based on a t o t a l  

of l e s s  than 1 mrem/hr from f a s t  neutrons, gamma rad ia t ion  from decay and 

f i s s i o n  of 238Pu, and capture gamma rad ia t ion  i n  the  shielding mater ia l .  

For the  maximum dose r a t e s ,  it was assumed t h a t  the  source i s  a po in t  

source with a minimum separat ion of l m  between the  source and the  person 

receiving the  dose. For two cases, the  f u e l  i n  bulk microsphere form and 

t h e  f u e l  i n  encapsulated form with a maximum concentration of 5660 g 238Pu 
(20 fueled capsules) ,  t h e  t o t a l  unshielded dose r a t e s  l m  from the  source 

a r e  396 and 38 mrem/hr, respectively.  The shielding provided by the  cap- 

sules themselves reduces the  t o t a l  dose rate from the  encapsulated fue l .  

For both these cases, 2 f t  of ordinary concrete w i l l  reduce t h e  radia-  

t i o n  l e v e l  t o  l e s s  than l mrem/hr. 

Since the  r ea r  of t he  c e l l  bank i s  a r e s t r i c t e d  a rea  and only rela- 

t i v e l y  shor t  exposure periods are permitted, higher dose r a t e s  can be 

t o l e r a t e d  i n  t h i s  area.  If maintenance work with the  glove po r t s  a t  t h e  

rear of the  c e l l  was required and the  f u e l  w a s  already loaded i n t o  the  

capsules, t h e  capsules could easily be removed t o  another c e l l  before 

s t a r t i n g  the  maintenance operation. 

t h e  c e l l  could be decontaminated before the  shielding wal l  was removed. 

If t h e  fuel w a s  not  encapsulated, 
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It is expected that contamination in the cell could be reduced to accept- 
able radiation levels with a minimum amount of decontamination. Even if 

1 kg of microsphere fuel were present, the total dose rate at the face 

of the glove port from a source 1 m away would be only 70 mrem/hr, which 
is low enough for  regulated short-time-exposure work. 

As noted previously, the five inner cells will have to be maintained 
under an inert-gas atmosphere to insure that the refractory metal compo- 
nents of the capsule assemblies are not damaged by reactions at elevated 
temperatures with air and associated impurities. 

standpoint, it will probably be best to also operate the cells at each 

end of the bank under an inert-gas atmosphere, although they can be oper- 

ated in an air atmosphere if airlocks are installed between them and the 

adjoining cells. 

however, the purification system used would depend upon the choice made. 
In the case of argon, the gas from the cells would be circulated through 
a dryer and then through a series of chemical reactors containing reactive 

metals; for example, uranium, copper, or titanium chips and chemical 
sorbtion agents. With helium, a more satisfactory arrangement consists 
of circulating the gas through a chemical dryer and then through a liquid- 
helium-cooled trap to freeze out contaminants. With either system, it 

is possible to maintain impurity levels in the 5 ppm o r  lower range. 

inert-gas system will operate at about 2 in. H 2 0  below atmospheric pres- 

sure for contamination containment protection in the event a leak de- 

velops in one of the cells or the piping. When the cells are not in use 

for capsule-fueling operations, the inert-gas system can be shut down 

and the cells valved into a regular cell ventilation system to maintain 
them under negative pressure. 

From an operational 

Either helium or argon can be used for the inert gas; 

The 

The building housing the cells will be kept at a slightly negative 
pressure with respect to the outside (-0.5 in. H2O below atmospheric) by 
means of local exhaust fans. A l l  air exhausted from the building will 
pass through absolute (CWS-type) filters before discharge to the atmo- 

sphere through a stack. 
In addition to the ventilation services, each cell will be equipped 

with the necessary electrical, cooling water, and radioactive drain ser- 
vices. 



6.2. Capsule Fueling and Inspection Procedure 

The bulk f u e l  shipments w i l l  be unloaded i n t o  c e l l  1 (see Fig.  6.1), 
t h e  Brayton-cycle f u e l  capsules w i l l  be assembled and inspected i n  c e l l s  

2 through 6, and the  fueled capsules w i l l  be reloaded i n t o  the same ship- 

ping containers  i n  c e l l  7 f o r  shipment t o  the  launch s i t e .  

w i l l  be equipped t o  provide iner t -gas  atmospheres, and spec ia l  cooling- 

s t a t i o n  f a c i l i t i e s  w i l l  be located i n  each c e l l  t o  prevent overheating 

of t he  fuel or capsules during assembly. 

Each c e l l  

The flow diagram f o r  the  capsule assembly i s  shown i n  Fig. 6.2, and 

the  procedural s teps  (by c e l l )  are described i n  Sections 6.2.1 through 

6.2.7. 

6.2.1. Cell  1- Car r i e r  Unloading C e l l  

1. 

2. Unload bulk f u e l  capsules as required.  

3. Inspect  capsules.  

4 .  Assay capsules with calorimeter. 

The f u e l  i s  shipped t o  the  s i t e  i n  four  c a r r i e r s  (described i n  Sect .  

Unload c a r r i e r  inner  container i n t o  r ec i r cu la t ing  water tank. 

6.3) designed t o  meet a l l  I C C  and AEC shipping requirements. 

r i e r  handles approximately 1 6  kg of 238Pu02 microspheres contained i n  

e igh t  Hastelloy X capsules (“1.5 in .  i n  diameter and 10 i n .  i n  length)  

posi t ioned i n  an inner  container .  When the  c a r r i e r  i s  received a t  t he  

f u e l  encapsulation f a c i l i t y ,  it i s  placed i n  the  l i m i t e d  access a rea  back 

of c e l l  1. 

placed i n  c e l l  1 i n  a recirculating-water tank t h a t  provides both sh ie ld-  

ing  and cooling f o r  t he  fuel. 

Each car- 

The inner  container i s  l i f t e d  from the  shipping c a r r i e r  and 

The bulk fuel capsules a re  removed, inspected f o r  shipping damage, 

assayed by means of a calorimeter t o  determine the  quant i ty  of f u e l  i n  

each capsule, and loaded back i n t o  the  container .  A s  needed, t h e  f u e l  

capsules a re  removed and t ransfer red  t o  the  f u e l  loading c e l l  ( c e l l  2) 

by t h e  i n t e r c e l l  conveyor. 

i s  required t o  maintain the  two-month f a c i l i t y  schedule. 

Processing of two bulk f u e l  capsules pe r  day 
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D i m e n s i o n a l  
Leak T e s t  
R a d i o g r a p h y  
C a l o r i m e t e r  

Fig. 6.2. Flow Diagram for 238PuO;r Capsule Assembly. 
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6.2.2. Ce l l  2 - Fuel Loading Cel l  

1. Open bulk f u e l  capsule. 

2. Separate microspheres in to  batches by weight and s i z e  measure- 

ment. 

3. 

4 .  
compaction). 

Check wattage output of each batch by calorimeter.  

Load f u e l  i n t o  inner tungsten annular f u e l  holder (v ib ra t ing  

5. Press fit annular fuel-holder cap i n t o  place.  

6. 

7. Decontaminate outside of f u e l  holder.  

When the  two bulk f u e l  capsules a re  received i n  c e l l  2, they a re  

Check wattage output of f i l l e d  annular f u e l  holder. 

opened by a remotely operated tube cu t t e r ,  and the  microspheres a re  sepa- 

rated i n t o  d i f f e ren t  s i zes .  

ing, which w i l l  r e s u l t  i n  the  required packing a t  80% of t h e o r e t i c a l  

density,  t he  f u e l  i s  separated by weight measurement i n t o  t e n  port ions,  

with each containing 157 w of fuel .  

each por t ion  i s  assayed by a calorimeter t o  v e r i f y  i t s  157-w thermal out- 

pu t  before i t  i s  loaded i n t o  the  inner tungsten f u e l  holder and packed 

(by means of a v ibra tory  compactor). 

p ress  f i t t e d  i n t o  the  top of t he  holder by means of a spec ia l  remotely 

operated clamping device. After the f u e l  has been loaded, t h e  wattage 

output of t he  holder i s  checked by calorimeter measurements t o  determine 

whether any losses  occurred during the  fue l ing  operation. A f t e r  a l l  the  

above s teps  have been completed f o r  t en  fuel  holders,  each holder is  v i -  

s u a l l y  checked, decontaminated on the  outside,  and placed i n  a spec ia l  

cooling block ( t o  prevent excessive heat ing of t he  f u e l  i n  the  tungsten 

holders)  f o r  t r a n s f e r  t o  the  primary capsule loading and welding c e l l  

( c e l l  3 ) .  

After a predetermined microsphere s i z e  blend- 

To check the  weight measurements, 

The annular fuel-holder cap i s  then 

6.2.3. Ce l l  3 - Primary Loading and Welding C e l l  

1. Check dimensions of annular tungsten f u e l  holder.  

2. Load f u e l  holder with spacers i n t o  bottom ha l f  of primary cap- 

su l e .  

3. Check dimensional clearance a t  top of f u e l  holder. 
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4 .  

5. 

6. 

7. Visually check weld area.  

Before the  annular holders a re  t r ans fe r r ed  from c e l l  2, t en  primary 

Load primary capsule bottom i n t o  remote welder. 

In se r t  top of primary capsule. 

Weld j o i n t  with remote electron-beam welder. 

capsule assemblies and two dummy capsule assemblies, which have been 

checked i n  the inspect ion a rea  outs ide the  c e l l  block and determined t o  

be within dimensional tolerances,  a r e  loaded i n t o  the  c e l l  through the  

glove po r t s  i n  the  r e a r  of t he  c e l l .  

received, they a re  a l so  checked with go-no-go gages t o  determine whether 

they a re  s t i l l  within dimensional tolerances.  A f u e l  holder,  together  

with top and bottom spacers,  i s  then placed i n  t h e  bottom sec t ion  of a 

primary capsule. The clearance between the  top of t h e  spacer and the  

edge of the  capsule bottom i s  dimensionally checked t o  insure t h a t  there  

i s  su f f i c i en t  clearance t o  allow the  primary capsule top, with i t s  l i p ,  

t o  s e a t  properly on the  bottom sec t ion  f o r  welding purposes. 

When the  annular fuel holders a r e  

The assembled primary capsule sec t ion  (bottom) i s  then loaded i n t o  

a remotely operated electron-beam welder, t he  primary capsule top i s  i n -  

s e r t ed  i n t o  the  capsule, and the  welder i s  sealed.  The welding system 

i s  evacuated t o  

by a ful l -penetrat ion electron-beam weld. I n e r t  atmospheres and cool- 

ing blocks w i l l  be used t o  maintain the  temperature of the  capsules a t  

l e v e l s  t h a t  w i l l  prevent damage. 

t o  lo-* t o r r ,  and the  capsule i s  sealed under vacuum 

After  each capsule has been welded, t he  weld a rea  i s  v i sua l ly  checked 

f o r  defects  (e.g., excessive thickness,  v i s i b l e  pinhole l e a k s ) .  

and a f t e r  each s e t  of t en  ac t ive  capsules i s  welded, a dummy capsule 

simulating the  ac t ive  capsules i s  welded, removed from the  c e l l ,  sec- 

t ioned, and examined t o  determine t h a t  s a t i s f a c t o r y  fu l l -pene t ra t ion  

welds a re  being achieved. 

f u l l y  welded, they are t ransfer red  t o  the  weld inspect ion and plasma spray 

c e l l  ( c e l l  4 ) .  

Before 

When t en  ac t ive  capsules have been success- 

6.2.4. Cell  4 -Weld Inspection and Plasma Spray C e l l  

1. 

2. Check weld area.  

Leak t e s t  primary capsule weld. 



3. Dimensionally check primary capsule. 
4 .  Load capsule into plasma spray apparatus. 

5. Apply Tho2 coating on primary capsule. 

6. Dimensionally check coating. 

Additional quality control methods are employed in cell 4 as a fur- 

ther check on the capsules. 
trometer leak tested to insure that it is completely sealed. It is an- 
ticipated that either ultrasonic or radiographic weld inspection may be 

a quality control requirement. Finally, the primary capsules are checked 

dimensionally by go-no-go gages to verify that they are still within di- 
mensional tolerances. 

all the inspections, a 10-mil coating of Tho;! is applied to the outer 
surface of each capsule by remote flame-spraying techniques. 
are then inspected and dimensionally checked with go-no-go gages to in- 

sure the evenness of the Tho2 coating. During the time the capsules are 

not being inspected or coated, they are maintained at low temperature by 
means of cooling blocks. 

Each active capsule is helium mass-spec- 

After the primary capsules have successrully passed 

Capsules 

The processed capsules are removed to cell 5. 

6.2.5. Cell 5 - Corrosion-Resistant Capsule Loading and Welding Cell 

1. Load primary capsule into corrosion-resistant capsule bottom. 
2. Dimensionally check capsule. 

3. Load corrosion-resistant capsule bottom into remote TIG (tung- 
s ten inert gas ) welder. 

4 .  Insert corrosion-resistant capsule top. 

5. TIG weld platinum corrosion-resistant capsule joint. 

6. Visually inspect weld. 

As in cell 3, the platinum outer corrosion-resistant capsules will 
be placed in the cell through the cell glove ports before the primary 
capsules are transferred into the cell. These corrosion-resistant cap- 

sules already have a 2-mil coating of iron titanate on the outside sur- 

faces, except for the immediate weld joint area. 
The welding procedure is the same as the one used for the primary 

capsule, except that a TIG welding process is used instead of the elec- 

tron-beam welding process. After each capsule is welded, the weld area 
is visually inspected for imperfections. As in cell 3, dunmy capsules 
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a r e  welded before and a f t e r  each s e t  of ac t ive  capsules f o r  a qua l i ty  

cont ro l  check. Completed ac t ive  capsules a re  t r ans fe r r ed  t o  the  f i n a l  

inspect ion c e l l  ( c e l l  6 ) .  

6.2.6. Cel l  6 - Final  Inspection Cel l  

1. Dimensionally check f i n a l  capsule. 

2. Helium leak  t e s t  f i n a l  weld area.  

3. Make f i n a l  calorimeter check. 

Capsules a re  helium leak  t e s t e d  t o  determine t h a t  a l eak - t igh t  weld 

w a s  made on the  platinum outer  capsule. 

checked with go-no-go gages, and the  thermal output i s  measured by a 

calorimeter.  After a l l  qual i ty-control  inspect ions have been made, t he  

capsules are removed t o  the  c a r r i e r  loading c e l l  ( c e l l  7 ) .  

Each assembly i s  dimensionally 

6.2.7. Cel l  7 - Carr ie r  Loading Ce l l  

1. Perform s h e l f - l i f e  qual i ty-control  t e s t .  

2. Leak t e s t  capsule. 

3 .  

40 capsules).  

Load capsules i n t o  shipping c a r r i e r  (each c a r r i e r  w i l l  handle 

4 .  Remove shipping c a r r i e r  from c e l l .  

5 .  

Each batch of t en  completely assembled and inspected capsules t rans-  

f e r r ed  t o  t h i s  c e l l  i s  given a s h e l f - l i f e  t e s t  ( s eve ra l  days) and again 

helium leak t e s t e d  t o  determine whether aging had any e f f e c t .  After t h i s  

t es t  t h e  capsules a re  loaded i n t o  the  inner  shipping container,  which i s  

s tored  i n  a r ec i r cu la t ing  water bath u n t i l  it i s  fully loaded (maximum 

capsule loading, 40 capsules) .  When loading has been completed, the  inner  

container  i s  removed from the  c e l l  and in se r t ed  i n t o  the  l a rge  shipping 

container  ( loca ted  a t  the  rear of the  c e l l ) ,  and the  c a r r i e r  i s  then 

shipped t o  t h e  launch-si te  fuel-handling f a c i l i t y .  

In se r t  i n  l a rge  shipping container f o r  shipment t o  launch s i t e .  

6.2.8. Launch-Site Fuel-Handling F a c i l i t y  

A s  each shipping container i s  received a t  the  launch s i te ,  it i s  

placed i n  a c e l l  equipped f o r  remote operations, and the  inner  container 

i s  removed. The capsules a re  removed and inspected f o r  any shipping 
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damage. 

and a flame-spraying device f o r  touching up the  i ron  t i t a n a t e  outer  coat-  

ing if t h i s  i s  necessary. A f t e r  the  f i n a l  inspection, t he  capsules are 
loaded i n t o  a gantry c a r r i e r ,  transferred t o  the  launch s i t e ,  and in-  

s e r t e d  i n t o  t h e  heat-source holder i n  the  Brayton-cycle system of the  

spacecraf t .  

F a c i l i t i e s  i n  the  c e l l  w i l l  include helium leak  t e s t  equipment 

6.3. Shipping Cask Design 

6.3.1. Regulations Governing Carrier Design 

A spec ia l  shipping container w i l l  be required t o  handle the  t r a n s f e r  

of bulk f u e l  t o  the  encapsulation f a c i l i t y  and t o  ship the  fueled cap- 

su l e s  t o  the  launch s i t e .  The spec i f ic  AEC and I C C  regulat ions governing 

such shipments a re  out l ined i n  AF,C Manual Chapter 0529; Chapter 10, Pa r t  

71, of t he  Code of Federal Regulations (10 CFR 71);44  and I C C  Tariff No. 

15 ( R e f .  2 ) .  4 5  

t h a t  must be incorporated i n  the design of a shipping container.  

s p e c i f i c  standards t h a t  would be applicable t o  a container  f o r  shipping 

l a r g e  quan t i t i e s  of 238Pu f u e l  are included i n  the  following paragraphs: 

Subpart C of 10 CFR 71 provides the  general  standards 

The 

71.31 General Standards for a l l  Packaging 

71.32 S t ruc tu ra l  Staxiards fer Large Qmxxtity Packaging 

71.33 

71.34 

71.35 Standards f o r  Normal Conditions of Transport f o r  a 

71.36 Standards f o r  Hy-pothetical Accident Conditions f o r  a 

71.40 Spec i f ic  Standards f o r  a F i s s i l e  Class I11 Shipment. 

C r i t i c a l i t y  Standards f o r  F i s s i l e  Mater ia l  Packages 

Evaluation of a Single Package 

Single Package 

Single Package 

(See t h e  Appendix fo r  a r e p r i n t  of spec i f ied  paragraphs. ) 

6.3.2. Proposed Carr ie r  Design 

Figure 6.3 shows a shipping container design t h a t  w i l l  m e e t  a l l  AEC 

and I C C  requirements f o r  shipping la rge  quan t i t i e s  of 238Pu, e i t h e r  as 

bulk f u e l  o r  as fabr ica ted  capsules. This c a r r i e r  has a loaded weight 

of approximately 6000 l b  and w i l l  handle a maximum of  40 fueled capsules 
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Fig. 6.3. Shipping Carr ie r  f o r  Bulk Shipment of PuO2 Microspheres 
and Fueled Pu02 Capsules. 

or about 6 kw(th) of bulk f u e l  pe r  shipment. 

w i l l  be required t o  handle the  24.5 kw(th) source mater ia l  required f o r  

the  Brayton-cycle heat source. The c a r r i e r  i s  5 f t  i n  diameter and 5 f t  

i n  length  and cons is t s  o f  two p a r t s :  

m i l d  s t e e l ,  which provides neutron shielding during shipment by being 

water f i l l e d ,  and an inner container  t h a t  i s  e a s i l y  removed and can be 

u t i l i z e d  f o r  loading and unloading capsules and bulk f u e l  containers  i n  

the  c e l l  areas a t  t h e  various s i t e s .  

Four c a r r i e r s  of t h i s  type 

an outer  c a r r i e r  of 1/2-in.-thick 
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The inner container  i s  a so l id  s t a i n l e s s  s t e e l  body (-12 in .  i n  di-  

ameter and 32 i n .  i n  length)  with a gasketed flange at t h e  top t o  prevent 

water in-leakage. Eight holes, 31 i n .  deep, a r e  d r i l l e d  1 /2  i n .  from the  

outer  circumference. 

8 bulk f u e l  capsules pe r  shipment. 

c a r r i e r ,  the  inner  fuel-capsule holder w i l l  rest i n  a s t a i n l e s s  s t e e l  

framework t h a t  has severa l  s m a l l  holes t o  provide water c i r cu la t ion  around 

the  holder. 

place and i s  considered t o  be an energy-absorbing crushable member i n  case 

of an accidental  impact. 

vided by the  2 f t  of water. 

supporting s t ruc tu re  on both the  inner  and t h e  outer  containers .  

These holes provide space f o r  up t o  40 capsules o r  

When loaded i n t o  the  l a r g e r  shipping 

Angle-iron framing i s  used t o  hold the  center  sec t ion  i n  

The neutron shielding f o r  t h i s  c a r r i e r  i s  pro- 

The gamma shielding i s  provided by the  s teel  

I n  general  t h e  shipping container was analyzed by the  method out l ined  

The c a r r i e r  i s  heat l imi ted  r a the r  than rad ia t ion  l imited.  by S h a ~ p e r t . ~ ~  

Only 6 in .  of water i s  required t o  reduce t h e  rad ia t ion  dose t o  the  ICC 
spec i f ica t ions  - 200 mr/hr at any accessible  surface a rea  o r  10 mr/hr  a t  

1 m; however, t he  diameter required t o  lower the  surface temperature of 
t he  c a r r i e r  t o  l e s s  than 180°F with 100°F ambient a i r  i s  5 f t .  Fins are 

u t i l i z e d  on both the  outer  surface and the  inner  container t o  provide an 

addi t iona l  heat t r a n s f e r  area.  Using the  addi t iona l  water shielding, t he  

dose r a t e  a t  the  surface of the  c a r r i e r  w i l l  be 2 m / h r  and a t  about 3 f t ,  

0.3 mr/hr, which i s  wel l  below I C C  requirements. 

Under normal shipping conditions, the  c a r r i e r  w i l l  meet a l l  t he  out- 

l i n e d  s t r u c t u r a l  requirements ($71.31 through 71.36 of 10 CFR 71).  

a surface temperature of 180°F, the maximum expected temperature of the  

water i n  the  sh ie ld  i s  approximately 200"F, and t h e  maximum temperature 

a t  the  center  of t he  c a r r i e r  w i l l  not exceed 800"F, which i s  wel l  below 

t h e  c r i t i c a l  po in t  f o r  capsules or c a r r i e r  components. 

With 

Under the  hypothet ical  accident conditions out l ined i n  $71.36, t he  

c a r r i e r  would remain e s s e n t i a l l y  i n t a c t  bu t  would probably break a weld 

seam. This could result i n  l o s s  of t he  water. Even i f  t h i s  should occur, 

the  temperature a t  the  center  of the c a r r i e r  would not exceed 1300°F dur- 

ing the  " f i r e  condition," which was considered t o  be the  most adverse. 

With the  loss of t he  water shielding, the  t o t a l  dose r a t e  a t  3 f t  would 
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be 20 mr/hr, which i s  s t i l l  wel l  below the  1000 mr/hr allowed i n  the  

regulat ions.  

The 238Pu w i l l  remain s u b c r i t i c a l  under a l l  conditions spec i f ied  i n  

the  regulations ($71.33 and 71.40) f o r  normal shipment and i n  case o f  a 

shipping accident. None of t he  spec i f ied  s i tua t ions  w i l l  r e s u l t  i n  t he  

re lease  of the f u e l  from e i t h e r  the  Brayton-cycle capsules or t he  bulk- 

f u e l  Hastelloy capsules, and without re lease  of fue l ,  t he  f i s s i l e  mate- 

r i a l  w i l l  remain s u b c r i t i c a l  under a l l  conditions.  

6.4. Gantry Fueling Fixture  

Fueling of t he  heat  source can be accomplished e i t h e r  by t ranspor t ing  

individual  f’uel capsules or groups of capsules t o  the  f u e l  p l a t e  i n  the  

reentry body a f t e r  it has been i n s t a l l e d  aboard the  launch vehicle,  or 

the  e n t i r e  fue l ing  can be done i n  a shielded c e l l  loca ted  near t he  launch 

pad and the  reentry body-fuel p l a t e  assembly t ransported t o  the  launch 

vehicle  and attached as  a u n i t  t o  t h e  reentry-body support r ing.  

ing of t h e  fuel p l a t e  assembly p r i o r  t o  i n s t a l l a t i o n  aboard t h e  space- 

c r a f t  has the advantages of minimizing in te r fe rence  with o ther  launch- 

pad operations and probably a l so  would r e s u l t  i n  t he  sho r t e s t  time period 

during which radioisotopes were aboard the  spacecraf t  p r i o r  t o  launch. 

However, because of i t s  la rge  dimensions and high temperature a f t e r  fuel-  

ing, the  reentry-body shell-fuel p l a t e  assembly would have t o  be t rans-  

ported i n  a la rge  ine r t -gas - f i l l ed  and -cooled container  i n  order t o  

prevent damage t o  the  components. 

Fuel- 

Fueling with groups of capsules after the  reentry-body shell-fuel 

p l a t e  assembly has been i n s t a l l e d  aboard the  spacecraf t  can be ca r r i ed  

out with l e s s  bulky equipment, although auxiliary cooling w i l l  s t i l l  be 

required during t ranspor t  of s m a l l  groups of capsules t o  the  launch pad, 

s ince  t h e  surface temperature of a s ing le  capsule i s  about 1200°F (Sect.  

5 )  a t  t h i s  time. 

f o r  loading up t o  e ight  capsules a t  one time. 

sponding t o  t he  number t h a t  w i l l  f i t  i n t o  one tube i n  the  f u e l  p l a t e  are 

loaded i n t o  the  t ransfer- loading cask i n  a handling c e l l  located a t  the  

launch s i t e .  The t ransfer- loading cask i s  mounted on a t ranspor t  dol ly  

Figure 6.4 i s  a conceptual drawing of a fue l ing  f i x t u r e  

A number of capsules corre- 
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along with a motor-driven r e f r ige ran t  compressor, which feeds coolant 

through the  cask. When the  dol ly  i s  posi t ioned f o r  loading, t h e  cask i s  

brought t o  the elevat ion of t he  fue l -p l a t e  tube t o  be loaded by a motor- 

driven posi t ioning screw. I n  the  loading pos i t ion ,  the  reent ry  body-fie1 

p l a t e  assembly w i l l  be swung out a t  an angle from the  side of the  launch 

vehicle  (Sect. 5 ,  Fig. 5.10), so  a tilt mechanism i s  provided t o  a l ign  

the  extension on the end of t he  t ransfer - fue l ing  cask with the  end of t he  

fue l -p la te  tube t o  be loaded. When the  end extension and fue l -p l a t e  tube 

are mated, the capsules a re  s l i d  i n t o  the  tube by a manually operated push 

rod. 

A more complete de f in i t i on  of t he  expected prelaunch operat ional  

countdown i s  necessary before a decision can be made as t o  the  b e s t  method 

of fuel ing.  Fortunately, as noted i n  Section 4 ,  only minimal shielding,  

i f  any, i s  needed during the  loading operations.  However, the  tempera- 

t u r e  of the capsules and f u e l  p l a t e  i s  an important problem during fue l -  

ing. I f  launch-pad operations require  t h a t  t he  f u e l  not be pu t  aboard 

u n t i l  qui te  c lose  t o  launch (<8 hr ) ,  it w i l l  probably be necessary t o  de- 

s ign a loading f i x t u r e  t h a t  can i n s t a l l  t he  prefueled reentry body-fuel 

p l a t e  assembly as  a u n i t .  I n  e i t h e r  case, it w i l l  be necessary t o  keep 

an inert-gas purge around the  loaded f u e l  p l a t e  t o  prevent damage t o  the  

emissive coating and c&@ Z r  a l loy .  
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7.  RESEARCH AND DEVELOPMENT REQUIREMENTS 

The research and development requirements a re  r e l a t e d  t o  the  v a l i d i t y  

of spec i f i c  assumptions made i n  connection with some of t he  data used i n  

t h e  preliminary design of the  heat source. As already pointed out, t h e  

design makes considerable use of what i s  judged t o  be near-future tech- 

nolo=, and e f f o r t s  a r e  necessary t o  progress t o  a usable technology. 

It i s  recognized t h a t  a l l  the  design data could be fu r the r  refined, bu t  

t h i s  discussion is ,  f o r  t he  most par t ,  l i m i t e d  t o  research and develop- 

ment and design da ta  changes t h a t  could lead  t o  s i g n i f i c a n t  revis ions i n  

t h e  heat-source design. 

p lan  but, ra ther ,  an iden t i f i ca t ion  of those design assumptions known t o  

require  fu r the r  invest igat ion.  

What i s  formulated i s  not an ove ra l l  development 

The s ign i f i can t  problems are  i n  t h e  f i e l d s  of mater ia ls  and aerody- 

namics and not i n  areas of nuclear physics, such as shielding or c r i t i -  

c a l i t y .  

short-time da ta  e x i s t s  t h a t  covers t he  proper t ies  of  T - 1 1 1  a l loy,  the  

main s t r u c t u r a l  a l loy  f o r  t he  multi layer f u e l  capsule, and there  a re  a l so  

very few data on the  compatibil i ty of t h e  many mater ia ls ,  including t h e  

f u e l ,  which a re  used i n  construction of t h e  capsule. 

poss ib le  l o s s  under extreme emergency conditions,  t h e  capsules a re  de- 

signed as wel l  as possible  f o r  hundreds of years of l i f e  i n  air, ear th ,  

o r  seawater. 

chosen concept has been provided by applying ava i lab le  data,  but  i nves t i -  

gat ions i n  the  problem areas would provide the  basis f o r  a g rea t e r  degree 

of confidence. 

The mater ia ls  problems are present  because only a s m a l l  body of 

I n  allowing f o r  

It i s  hoped t h a t  a reasonable estimate of the  value of t h e  

The performance of t he  reentry vehicle  i n  t h e  passive extreme-emer- 

gency reentry mode i s  based on a combination of da ta  from experiments 

with other  vehicles  and aerodynamic ca lcu la t ions .  Further inves t iga t ions  

must be conducted t o  b e t t e r  evaluate i t s  i n t e g r i t y  during reentry heat- 

ing, i t s  terminal veloci ty ,  i t s  landing a t t i t u d e ,  and methods t o  prevent 

deformation of t h e  f u e l  capsules.  

Spec i f ic  recommendations f o r  research and development a r e  t h e  fo l -  

lowing. 
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1. Plutonium Fuel Form. I n  the  preliminary design, PuO i s  the  des- 

A t  t he  operat ing temperature of t h e  cap- ignated form of t h e  238F’u fue l .  

su l e  it could wel l  be t h a t  the  s t a b l e  form of the  f u e l  has l e s s  oxygen 

than Fu02; for example, a mixture of Pu02 and Pu2O3. I f  t h i s  were the  

case, t he  microspheres might be p a r t l y  d is in tegra ted  by loss of oxygen 

over a long per iod of time t o  produce a f i n e  powder, which could migrate 

from the  vented tungsten annular holder t o  the  T - 1 1 1  a l loy,  with which it 

might not be compatible. 

f r ac to ry  metal capsule mater ia ls .  It i s  therefore  important t o  determine 

the  s t a b l e  form of the  oxide so t h a t  t h i s  form can be u t i l i z e d  f o r  load- 

ing the  capsules. 

The oxygen evolved would r eac t  with the  re -  

2. Bulk Density of Fuel. The volume and weight of t he  isotope heat 

source i s  extremely sens i t i ve  t o  the  bulk densi ty  of the  f u e l  form. I n  

the  preliminary design, the  f u e l  was assumed t o  be Pu02 a t  80% of i t s  

theo re t i ca l  density,  a bulk value which has been a t t a ined  a t  ORNL with 

packed microspheres produced by the  so l -ge l  process.  Research and de- 

velopment must not only be or iented toward producing a stable f u e l  form 

but  a l so  one t h a t  provides an acceptable densi ty  of plutonium. 

3. Primary Capsule Strength.  The primary s t r u c t u r a l  mater ia l  f o r  

Large research and development pro- the  capsule i s  a new al loy,  T-111.  

grams a re  i n  progress on t h i s  mater ia l  and o ther  c lose ly  r e l a t ed  tantalum 

a l loys .  Currently there  is  only a s m a l l  amount of da ta  on i t s  mechanical 

s t rength,  and these da ta  were obtained from simple un iax ia l  constant-  

stress constant-temperature short-term experiments. The longest  experi-  

ment has been 10,000 h r  (Sect.  3 ) .  
These meager da ta  have been used t o  design capsules f o r  f i v e  years 

of se rv ice  with varying temperature and i n t e r n a l  gas pressure and f o r  

impact res is tance during an emergency landing. 

i n so fa r  as we can ca lcu la te ,  with a guidel ine of t en  h a l f - l i f e  contain- 

ment under a l l  c red ib le  accident conditions;  f o r  example, l o s s  due t o  

b u r i a l  of individual  capsules i n  ea r th  or immersion of t he  e n t i r e  reent ry  

vehicle  i n  seawater. 

creep due t o  helium pressure f o r  approximately 50 years  before cooling 

t o  a temperature below the  creep range f o r  t he  a l loy .  

The capsules a l s o  comply, 

If buried i n  ear th ,  a capsule would be subjec t  t o  
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If the  creep r a t e  i n  service i s  too high, there  i s  a p o s s i b i l i t y  

t h a t  the  pro tec t ive  platinum cladding may be unduly thinned o r  ruptured. 

Yie ld  of the  capsule i n  an emergency impact could lead  t o  rupture of the  

T-111 a l loy  or  t o  a rupture of the platinum cladding. 

expected over a period of years i n  a l o s t  capsule could a l so  lead  t o  

rupture .  

vised t o  conduct t h e  preliminary design work, it a l so  s t a t e s  t h a t  addi- 

t i o n a l  and long-term data  a re  necessary t o  confirm and improve t h e  use- 

fulness  of such methods. 

Creep grea te r  than 

Although Section 3 shows t h a t  reasonable methods have been de- 

Data must be acquired t o  check the  app l i cab i l i t y  of t he  l i f e - f r a c t i o n  

summation assumption and modified Larson-Miller parameter t h a t  has been 

used and t o  evaluate t h e  need for any revis ions required because of time- 

hardening, strain-hardening, o r  other e f f e c t s  t h a t  could lead  t o  s ig-  

n i f i c a n t  changes from the  postulated behavior of t he  a l loy .  Preliminary 

plans can be made f o r  a data-acquisit ion program f o r  obtaining s u f f i c i e n t  

information t o  design capsules with a spec i f ied  r e l i a b i l i t y ,  but  t he  

programming should be modified from time t o  time on the  basis of analy- 

ses of t he  s ignif icance of t he  r e su l t s .  

These mechanical property invest igat ions would include temperature 

and s t r e s s  cycling and b i a x i a l  s t r e s s ing  of t he  a l loy .  

of how long t o  t e s t  can be obtained from examination of the  data on T-lll 
and other  a l loys (Sect. 3) and an analysis  of the  T-111 a l loy  r e s u l t s  as 

they a re  obtained. However, it i s  advisable t h a t  i n  addi t ion t o  such 

s t a t i s t i c a l l y  programmed t e s t ing ,  some u l t r a  long-term t e s t ing ,  such as 

50-year t e s t s ,  should be commenced. 

i n  perhaps f i v e  years,  and t h e i r  eventual behavior would help s e t t l e  the  

kinds of mater ia ls  questions t h a t  have always been moot. 

An ind ica t ion  

The ea r ly  behavior of t he  specimens, 

I n  the  present ly  designed capsule the weld closure i s  made i n  175-mil 

mater ia l .  

T-111 al loy,  and these have been on thinner  samples. 

ing procedure f o r  t h e  capsule must be developed. 

To date  only a few welding experiments have been conducted on 

An adequate weld- 

4 .  Thoria Diffusion Barr ier .  Research and development must be con- 

ducted t o  demonstrate a method f o r  maintaining an i n t a c t  thorium l aye r  

between t h e  T-111 a l loy  and the  platinum outer  l aye r  during both normal 

se rv ice  and emergency conditions.  
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5. Platinum Strength. It must be determined that the layer of 

platinum, which protects the T-111 alloy from oxidation by air or cor- 
rosion by seawater under emergency conditions, is sufficiently ductile 

to withstand the impact on landing without rupture. 

6. Heat Transfer. The volume and weight of the heat source are 

Re- quite sensitive to the emissivity of the iron titanate surfaces. 

search is necessary to determine whether the high values for emissivity 
used in the preliminary design can be retained for a year of normal op- 

eration in vacuum. 
Another uncertainty involving heat transfer is whether Superinsulation 

has enough strength in compression to provide the entire support for the 

fuel plate, as is the case in the preliminary design. Penetration of the 
heat insulation with supplemental supports could lead to deterioration 
of the bond between the aluminum and the phenolic resin serving as the 

ablative material on the reentry body because of higher temperatures that 

would result from the higher heat losses through the reentry body. 

7. Reentry-Body Performance. The aerodynamics of fins or  fences 
used to provide turn around for the reentry body are not well known. 

back-side heating, hypersonic drag coefficient, subsonic drag coefficient, 

and cratering calculations are not as suspect, but they are so important 
to the design concept that further verification must be obtained. 

subsonic stability and therefore the landing attitude is open to some 

question, and further experimental and computer studies are required. 

The 

The 

Research must also provide assurance that the reentry body, fuel- 
plate assembly, and capsules have the ability to absorb sufficient energy 
to protect the capsules from the impact of an emergency landing. 

calculations in Section 3 are made on the basis that this is the case, 

and experimental verification of the calculated performance is required. 

The 

8. Materials Compatibility. As described in the phase I report, 
compatibility of the fuel with the tungsten liner is based on calcula- 
tions of free-energy changes occurring in reactions between pure com- 
pounds, rather than on any experience with actual impure f'uels under 
service conditions. 
ducted. 

alloy with both tungsten and the thoria diffusion barrier. 

Experiments on fuel-liner compatibility must be con- 

It is a l s o  necessary to check the compatibility of the T-111 



Data on the stability of platinum in air and seawater provide the 

means for making some of the less uncertain extrapolations to ultra-long 
periods of time. 

so i l s  is open to serious question, hDwever, and must be investigated. As 
described in the phase I report, there are no orderly data on platinum 

stability in soil, but many materials that are known to react with plati- 
num (e.g., nitrates, certain hydroxides, sulf’ur) are found in soils. 

The stability of platinum if buried in some types of 
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Appendix 

PARAGRAPHS OF CHAPTER 10, PART 71, OF THE CODE 
OF FEDERAL RFGULATIONS APPLICABLE TO SHIPPING 

LARGE QUANTITIES OF 238Pu RTEL 

$71.31 General standards f o r  a l l  packaging. 

( a )  Packaging s h a l l  be of such mater ia ls  and construct ion t h a t  there  
w i l l  be no s ign i f i can t  chemical, galvanic, or o the r  reac t ion  among the 
packaging components, o r  between the packaging components and the package 
contents .  

prevent inadvertent  opening. 
( b )  Packaging s h a l l  be equipped with a pos i t i ve  closure which w i l l  

( c )  L i f t i ng  devices : 
(1) If there  i s  a system of  l i f t i n g  devices which i s  a s t r u c t u r a l  

par t  of the  package, the system s h a l l  be capable of supporting three  times 
the weight of  the loaded package without generat ing s t r e s s  i n  any mater ia l  
of  the  packaging i n  excess of  i t s  y i e l d  s t rength .  

( 2 )  If there  i s  a system of  l i f t i n g  devices which i s  a s t r u c t u r a l  
part only of the l i d ,  t he  system s h a l l  be capable of supporting three  times 
the weight of  the  l i d  and any attachments without generating s t r e s s  i n  any 
mater ia l  of the l i d  i n  excess of i t s  y i e l d  s t rength.  

ployed t o  l i f t  the package and which does not comply with subparagraph 
(1) of t h i s  paragraph, the  part s h a l l  be securely covered o r  locked during 
t ranspor t  i n  such a manner as t o  prevent i t s  use f o r  t h a t  purpose. 

( 4 )  Each l i f t i n g  device which i s  a s t r u c t u r a l  p a r t  of the package 
s h a l l  be so  designed t h a t  f a i l u r e  of the  device under excessive load would 
not  impair the containment o r  shielding proper t ies  of the package. 

(3) If there  i s  a s t r u c t u r a l  p a r t  of the package which could be em- 

(d)  'Tie-down devices: 
(1) If there  i s  a system of tie-down devices which i s  a s t r u c t u r a l  

par t  o f  the package, the system s h a l l  be capable of withstanding, without 
generat ing s t r e s s  i n  any mater ia l  of the  package i n  excess of i t s  y i e ld  
s t rength,  a s t a t i c  force applied t o  the center  of g rav i ty  of the  package 
having a v e r t i c a l  component of t w o  times the  weight of the package with 
i t s  contents, a horizontal  component along the d i r ec t ion  i n  which the 
vehic le  t r a v e l s  of 10 times the weight of the package with i t s  contents,  
and a horizontal  component i n  the  t ransverse d i r ec t ion  of 5 times the  
weight of the package with i t s  contents.  

ployed t o  t i e  the  package down and which does not comply with subparagraph 
(1) of t h i s  paragraph, the  p a r t  s h a l l  be securely covered o r  locked during 
t ranspor t  i n  such a manner as t o  prevent i t s  use f o r  t h a t  purpose. 

s h a l l  be so designed t h a t  f a i l u r e  of the device under excessive load would 
not  impair the a b i l i t y  of the  package t o  meet o the r  requirements of t h i s  
subpart .  

( 2 )  If there  i s  a s t r u c t u r a l  p a r t  of the package which could be em- 

(3) Each tie-down device which i s  a s t r u c t u r a l  p a r t  of the package 
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$71.32 St ruc tura l  standards f o r  l a rge  quant i ty  packaging. 

Packaging used t o  sh ip  a la rge  quant i ty  of l i censed  mater ia l ,  as de- 
f ined i n  $71.4(f), sha l l  be designed and constructed i n  compliance w i t h  
the  s t r u c t u r a l  standards of t h i s  sec t ion .  Standards d i f f e r e n t  from those 
spec i f ied  in  t h i s  sect ion may be approved by the Commission i f  the  con- 
t r o l s  proposed t o  be exercised by the  shipper  a re  demonstrated t o  be ade- 
quate t o  assure the sa fe ty  of the shipment. 

along any major axis, packaging sha l l  be capable of withstanding a s t a t i c  
load, normal t o  and uniformly d i s t r ibu ted  along i t s  length,  equal  t o  5 
times i t s  f u l l y  loaded weight, without generating s t r e s s  i n  any mater ia l  
of the packaging i n  excess of i t s  y i e l d  s t rength .  

the  containment ves se l  w i l l  s u f f e r  no lo s s  of contents i f  subjected t o  an 
ex terna l  pressure of 25 pounds p e r  square inch gauge. 

( a )  Load res i s tance .  Regarded as a simple beam supported a t  i t s  ends 

( b )  External pressure.  Packaging s h a l l  be adequate t o  assure t h a t  

$71.33 C r i t i c a l i t y  standards f o r  f i s s i l e  mater ia l  packages. 

( a )  A package used f o r  the shipment of f i s s i l e  mater ia l  s h a l l  be so  
designed and constructed and i t s  contents so l imi ted  t h a t  it would be sub- 
c r i t i c a l  i f  it i s  assumed t h a t  water leaks i n t o  the containment vessel ,  
and : 

(1) Water moderation of the contents occurs t o  the most reac t ive  
credible  extent  consis tent  with the chemical and physical  form of the con- 
t e n t s ;  and 

( 2 )  The containment vesse l  i s  f u l l y  r e f l ec t ed  on a l l  s ides  by water. 
( b )  A package used f o r  the shipment of f i s s i l e  mater ia l  s h a l l  be so 

designed and constructed and i t s  contents so l imi ted  t h a t  it would be sub- 
c r i t i c a l  i f  it i s  assumed t h a t  any contents of the package which are  l i qu id  
during normal t ranspor t  l eak  out of the  containment vessel ,  and t h a t  the 
f i s s i l e  mater ia l  i s  then: 

(1) I n  the most reac t ive  credible  configuration cons is ten t  with the  
chemical and physical  form of the mater ia l ;  

( 2 )  Moderated by water outs ide of the  containment ves se l  t o  the most 
reac t ive  credible extent ;  and 

(3) Fully r e f l ec t ed  on a l l  s ides  by water. 
( c )  The Commission may approve exceptions t o  the  requirements of  t h i s  

sec t ion  where the containment vesse l  incorporates  spec ia l  design f ea tu res  
which would preclude leakage of l i q u i d s  i n  s p i t e  of  any s ing le  packaging 
e r r o r  and appropriate measures a re  taken before each shipment t o  v e r i f y  
the  leak  t igh tness  of  each containment ves se l .  

$71.34 Evaluation of a s ing le  package. 

( a )  The e f f e c t  of the t ranspor t  environment on the  sa fe ty  of any 
s ing le  package of radioact ive mater ia l  s h a l l  be evaluated as follows: 

(1) The a b i l i t y  of a package t o  withstand conditions l i k e l y  t o  occur 
i n  normal t ransport  s h a l l  be assessed by subject ing a sample package o r  
s ca l e  model, by t e s t  o r  o ther  assessment, t o  the normal conditions of t rans-  
p o r t  as specif ied i n  $71.35; and 

L 
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(2 )  The e f f e c t  on a package of conditions l i k e l y  t o  occur i n  an acci- 
dent  s h a l l  be assessed by subjecting a sample package o r  scale model, by 
t e s t  o r  o ther  assessment, t o  the h n o t h e t i c a l  accident conditions as speci- 
f i e d  i n  $71.36. 

( b )  Taking i n t o  account controls t o  be exercised by the shipper, the  
Commission may pelrmit the shipment t o  5e evaluated together  with o r  without 
the  t ransport ing vehicle, f o r  the  purpose of one o r  more tests.  

( c )  Normal conditions of  t ranspor t  and hypothetical  accident condition 
d i f f e r e n t  from those spec i f ied  i n  $71.35 and $71.36 may be approved by the  
Commission i f  t he  cont ro ls  proposed t o  be exercised by the  shipper are dem- 
onstrated t o  be adequate t o  assure the  s a f e t y  of the  shipment. 

$71.35 Standards f o r  normal conditions of  t ranspor t  f o r  a s ing le  
package. 

( a )  A package used f o r  the  shipment of f i s s i l e  mater ia l  o r  a l a rge  
quant i ty  of l icensed material, as defined i n  $71.4(f), s h a l l  be so de- 
signed and constructed and i t s  contents so l i m i t e d  t h a t  under the normal 
conditions of t ranspor t  specif ied i n  Appendix A of  t h i s  part:  

men t ve s se 1 ; 

reduced; 

could, through any cred ib le  increase of  pressure o r  an explosion, s i g n i f i -  
can t ly  reduce the effect iveness  of the  package; 

( 4 )  Radioactive contamination of the  l i q u i d  o r  gaseous primary coolant 
w i l l  not exceed cu r i e s  of a c t i v i t y  of Group I radionuclides pe r  m i l l i -  
l i t e r ,  5 x cur i e s  of a c t i v i t y  of Group I1 radionuclides p e r  m i l l i l i t e r  
3 x lo-'* cur ies  of ac t iv i ty  of Group I11 and Group I V  radionuclides p e r  
m i l l i l i t e r ;  and 

(1) There w i l l  be no re lease  of radioact ive material from the  contain- 

( 2 )  The effect iveness  of  the  packaging w i l l  not be s u b s t a n t i a l l y  

(3) There w i l l  be no mixture of gases o r  vapors i n  the  package which 

( 5 )  There w i l l  be no loss of coolant. 
( b )  A package used f o r  the shipment of f i s s i l e  mater ia l  shal l  be so 

designed and constructed and i t s  contents so l imi t ed  t h a t  under the  normal 
conditions of t ranspor t  spec i f i ed  i n  Appendix A of  t h i s  part: 

(1) The package w i l l  be subc r i t i ca l ;  
( 2 )  The geometric form of  the  package contents would not be substan- 

(3) There w i l l  be no leakage of water i n t o  the  containment vesse l .  
t i a l l y  a l tered;  

This requirement need not be m e t  i f ,  i n  the  evaluation of  undamaged pack- 
ages under $71.38(a), $71.39(a) (l), o r  $71.40(a), it has been assumed 
t h a t  moderation i s  present  t o  such an ex ten t  as t o  cause m a x i m u m  r e a c t i v i t y  
consis tent  with the  chemical and physical form of  the material; and 

( 4 )  There w i l l  be no subs t an t i a l  reduction i n  the  effect iveness  of  
the packaging, including. 

( i)  Reduction by more than 5 percent, i n  t he  t o t a l  e f f e c t i v e  volume 
of the  packaging on which nuclear s a fe ty  i s  assessed; 

which nuclear s a fe ty  i s  assessed, between the  center  of t h e  containment 
vessel and the  outer  surface of the packaging; o r  

(ii) Reduction by more than 5 percent i n  the  effective spacing on 
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(iii) Occurrence of any aperture i n  the  ou te r  surface of  t he  packaging 

( c )  A package used f o r  the  shipment Of a l a r g e  quant i ty  o f  l icensed 
l a r g e  enough t o  permit the  e n t r y  of a 4-inch cube. 

material, as defined i n  §71.4(f), s h a l l  be so designed and constructed and 
i t s  contents so l i m i t e d  t h a t  under the  normal conditions of  t r anspor t  
specif ied i n  Appendix A of  t h i s  pa r t ,  the  containment vessel would not  be 
vented d i r e c t l y  t o  the atmosphere. 

$71.36 Standards f o r  hypothetical  accident conditions f o r  a s ing le  
package. 

( a )  A package used f o r  the  shipment of  a l a r g e  quant i ty  of l icensed 
material, as defined i n  §71.4(f), o r  f o r  the  shipment o f  f i s s i l e  mater ia l  
when the  package w i l l  contain more than 0.001 cur ie  of  Group I radio- 
nuclides, 0.05 curie  of Group I1 radionuclides, 3 cur i e s  of  Group I11 
radionuclides, 20 cur ies  of Group I V  and Group V radionuclides and radio- 
nuclides i n  spec ia l  form, o r  1,000 cur ies  of Group V I  radionuclides sha l l  
be so  designed and constructed and i t s  contents so l i m i t e d  t h a t  i f  sub- 
jec ted  t o  the hypothetical  accident conditions spec i f i ed  i n  Appendix B o f  
t h i s  p a r t  as the Free Drop, Puncture, Thermal, and Water Immersion condi- 
t ions,  i n  the  sequence l i s t e d  i n  Appendix By it w i l l  meet t he  following 
conditions: 

(1) The reduction of sh ie ld ing  would not be s u f f i c i e n t  t o  increase 
the ex terna l  rad ia t ion  dose r a t e  t o  more than 1,000 mill iroentgens p e r  
hour o r  equivalent a t  3 f e e t  from the ex te rna l  surface of t he  package. 

f o r  gases and contaminated coolant containing t o t a l  r a d i o a c t i v i t y  exceeding 
ne i the r  : 

(i)  0.1  percent of the  t o t a l  r ad ioac t iv i ty  of the  package contents; 
nor 

(ii) 0.01 curie  of Group I radionuclides, 0.5 cur ie  of Group I1 radio- 
nuclides, and 10 cu r i e s  of Group I11 and Group I V  radionuclides, except 
tha t  f o r  i n e r t  gases, the  l i m i t  i s  1,000 cu r i e s .  
A package need not sa t i s fy  the  requirements of t h i s  paragraph if it con- 
t a ins  only low s p e c i f i c  a c t i v i t y  material as defined i n  §71.4(g), and i s  
transported on a motor vehicle,  r a i l road  car, aircraft, inland w a t e r  craft, 
or hold o r  deck of  a seagoing vesse l  assigned f o r  t he  so l e  use of t he  
l icensee.  

designed and constructed and i t s  contents so l i m i t e d  t h a t  i f  subjected t o  
the  hypothetical accident conditions spec i f i ed  i n  Appendix B of  t h i s  p a r t  
as the Free Drop, Puncture, Thermal, and Water Immersion conditions, i n  
t he  sequence l i s t e d  i n  Appendix By t he  package would be subcri t ical .  I n  
determining whether t h i s  standard i s  satisfied,  it s h a l l  be assumed tha t :  

(1) The f i s s i l e  mater ia l  i s  i n  the  most reactive cred ib le  configura- 
t i o n  consistent with the  damaged condition o f  the  package and the  chemical 
and physical form of the contents; 

( 2 )  Water moderation occurs t o  the  most reac t ive  credible ex ten t  con- 
s i s t e n t  with the  damaged condition of the  package and the  chemical and 
physical  form of t h e  contents; and 

( 2 )  No radioactive material would be released from the  package except 

( b )  A package used f o r  the shipment of f i s s i l e  material s h a l l  be so 
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( 3 )  There i s  r e f l ec t ion  by  water on a l l  s ides  and as close as i s  
consis tent  with the damaged condition of the package. 

$71.40 Specific standards f o r  a F i s s i l e  Class 111 shipment. 

A package f o r  F i s s i l e  Class I11 shipment s h e l l  be so designed and 
constructed and i t s  contents so l i m i t e d ,  and the  number of packages i n  a 
F i s s i l e  Class 111 shipment s h a l l  be so l imited,  t h a t :  

shipment i n  contact with it and with the  two shipments c losely re f lec ted  
on a l l  s ides  by water; and 

t o  the  hypothetical  accident conditions spec i f ied  i n  Appendix B of t h i s  
p a r t  as the Free Drop, Thermal, and Water Immersion conditions, i n  the  
sequence l i s t e d  i n  Appendix B, w i t h  c lose r e f l ec t ion  by water on a l l  s ides  
of t he  a r ray  and with the  packages i n  the  most reac t ive  arrangement and 
w i t h  the  most reac t ive  degree o f  interspersed hydrogenous moderation which 
would be credible  considering the  controls  t o  be exercised over the ship- 
ment. The condition of the package s h a l l  be assumed t o  be as described 
i n  $71.37. 
i n  t h i s  paragraph may be approved by the  Commission i f  the controls  pro- 
posed t o  be exercised by the shipper a re  demonstrated t o  be adequate t o  
assure the sa fe ty  of the  shipment. 

( a )  The undamaged shipment would be s u b c r i t i c a l  with an iden t i ca l  

(b)  The shipment would be subc r i t i ca l  i f  each package were subjected 

Xypothetical accident conditions d i f f e ren t  from those spec i f ied  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Appendix B - Hypothetical Accident Conditions 

The following hypothetical  accident conditions a re  t o  be applied 
sequent,ially, i n  the  order  indicated, t o  determine t h e i r  cumulative e f f e c t  
on a package o r  a r ray  of packages. 

1. Free Drop - A f r e e  drop through a dis tance of 30 f e e t  onto a f l a t  
e s s e n t i a l l y  unyielding horizontal  surface, s t r i k i n g  the surface i n  a posi-  
t i o n  f o r  which maximum damage i s  expected. 

i n  a pos i t ion  f o r  which maximum damage i s  expected, the  top end of a 
v e r t i c a l  cy l ind r i ca l  m i l d  s t e e l  bar mounted on an e s s e n t i a l l y  unyielding 
horizontal  surface.  The bar s h a l l  be 6 inches i n  diameter, with the  top 
horizontal  and i t s  edge rounded t o  a radius  of not more than one-quarter 
inch, and of such a length  as t o  cause maximum damage t o  the  package, but 
not l e s s  than 8 inches long. The long ax is  of the bar s h a l l  be normal t o  
the  package surface.  

having a temperature of 1,475OF. and an emissivi ty  coe f f i c i en t  of 0.9, or 
equivalent .  For ca lcu la t iona l  purposes, i t  s h a l l  be assumed t h a t  the pack- 
age has an absorption coe f f i c i en t  of 0.8. The package s h a l l  not be cooled 
a r t i f i c i a l l y  u n t i l  a f t e r  the 30 minute t e s t  period has expired and the  
temperatare a t  the center  of the package has begun t o  f a l l .  

a t  l e a s t  3 f e e t .  

2 .  Puncture - A f r e e  drop through a dis tance of 40 inches s t r ik ing ,  

3 .  Thermal - Exposure f o r  30 minutes within a source of rad ian t  heat 

4 .  Water Immersion- Immersion i n  water f o r  24 hours t o  a depth of 


